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ABSTRACT 


The  availability  of  IFR  avionics  and  im- 
proved pilot  training  has  increased  the 
exposure  of  business  and  general  aviation 
aircraft  to  adverse  weather  conditions, 
including  lightning  strikes,  sometimes 
with  hazardous  results.  With  the  coop- 
eration of  FLIGHT  OPERATIONS  magazine,  a 
lightning  strike  reporting  project  has 
been  implemented  to  identify  potential 
problem  areas  and  alert  designers  of 
future  aircraft.  Initial  findings  from 
this  expanding  data  base  are  presented, 
together  with  implications  for  design. 

INTRODUCTION 

The  highly  competitive  marketplace  and 
increasing  cost  of  energy  is  motivating 
manufacturers  of  general  aviation  air- 
craft to  achieve  greater  efficiency  and 
economy  through  application  of  advanced 
technologies  in  the  design  of  new  air- 
craft. 

Some  of  the  new  technology  structural 
materials  and  manufacturing  techniques 
now  on  the  drawing  board  may  be  more 
vulnerable  to  electrical  hazards  than 
conventional  structures  due  to  their 
reduced  electrical  conductivity.  Among 
these  are  the  use  of  advanced  composite 
materials  in  place  of  aluminum,  and  ad- 
hesive bonding  in  place  of  mechanical 
fasteners.  Some  of  these  new  materials 
are  already  in  use,  albeit  mostly  in  non- 
critical  applications,  but  other  air- 
craft now  on  the  drawing  board  plan  to 
utilize  composites  and  adhesives  much 
more  extensively. 

Inhibiting  some  applications  of  these  new 
technologies,  however  are  potential 


problems  posed  by  environmental  effects 
such  as  lightning.  Just  as  the  entire 
structure  must  safely  accept  and  tolerate 
the  mechanical  loads  imposed  by  flight, 
it  must  also  conduct  electric  currents 
produced  by  the  lightning  and  on-board 
systems,  and  conduct  these  through  it- 
self without  degradation  of  mechanical 
integrity  and  without  hazardous  side- 
effects  such  as  electrical  sparking.  The 
electrical  and  electronics  systems  con- 
tained within  these  structures  must  also 
be  designed  to  tolerate  the  increased 
electromagnetic  fields  which  may  pene- 
trate nonmetallic  structures. 

Since  an  aircraft  has  little  effect  on 
the  magnitude  of  lightning  current  it 
may  receive,  the  structure  of  small, 
general  aviation  aircraft  must  be  capa- 
ble of  conducting  just  as  many  amperes 
of  lightning  current  as  must  that  of 
jumbo  jet.  As  a result,  the  density  of 
current  in  the  skins,  ribs  and  spars  of 
a small  aircraft  can  be  much  higher  that 
the  density  of  current  flowing  through 
the  larger  aircraft.  Since  the  electri- 
cal energy  that  must  be  tolerated  within 
a given  volume  of  structure  is  propor- 
tional to  the  square  of  the  current  den- 
sity, the  task  of  protecting  the  smaller 
aircraft  from  structural  damage,  internal 
sparking,  and  related  effects  is  funda- 
mentally more  challenging  than  protec- 
tion of  larger  aircraft  which  have  more 
massive  structures  into  which  lightning 
currents  can  spread. 

At  first  glance,  protection  for  these 
small  aircraft  seems  to  imply  the  addi- 
tion of  protective  diverters,  coatings, 
shields,  bonds  and  other  measures  whose 
weight  and  cost  would  negate  the  advan- 
tages provided  by  the  new- technology 


( 


PRECEDING  PAGE  BLaMUNDT  FILMED 


i 


-3- 


50 


structures  and  electronics.  This  need 
not  he  the  case,  however,  if  innovative 
protective  measures  are  developed  and 
applied  only  where  needed,  but  to  avoid 
pitfalls  this  course  requires  that  more 
definitive  information  be  obtained  on 
the  location  of  the  lightning  strike 
zones  on  small  aircraft  and  the  magni- 
tude of  damage  that  the  higher  current 
concentrations  can  cause. 

Until  recently,  no  system  has  been  in 
place  for  obtaining  information  from 
the  in-flight  strikes  that  presently 
occur.  In  many  cases  the  damage  is 
simply  repaired  and  valuable  information, 
which  is  important  to  designers  of  air- 
craft now  on  the  drawing  board,  has  been 
lost.  In  an  effort  to  fill  this  gap, 
FLIGHT  OPERATIONS  magazine  and  Lightning 
Technologies,  Inc.  have  begun  a pilot 
reporting  project  utilizing  a tear-out 
questionnaire  published  periodically 
in  the  magazine.  Thanks  to  the  coopera- 
tion of  reader-pilots,  the  lightning 
reporting  project  has  begun  to  produce 
information  of  significance  to  those  who 
operate  small  aircraft  as  well  as  those 
engaged  in  aircraft  design. 

The  object  of  this  project  is  to  provide 
the  information  necessary  to  design  of 
effective  and  efficient  lightning  pro- 
tection for  small  aircraft,  and  to  help 
pilots  avoid  it  whenever  possible.  The 
lightning  strike  questionnaire  was  first 
printed  in  the  November  1977  issue1  and 
next  in  July  19782.  These  questionnaires 
produced  40  responses,  most  of  which 
described  recent  strikes.  A few  readers 
also  provided  data  on  lightning  strikes 
experienced  several  years  before;  a 
testimony,  perhaps,  to  the  lasting  im- 
pressions left  by  these  experiences. 

Some  of  the  more  important  findings  thus 
far,  and  the  implications  they  have  for 
protection  design,  are  presented  in  the 
following  paragraphs. 

CONDITIONS  WHEN  STRUCK 

While  forty  reports  is  too  small  a sample 
upon  which  to  base  conclusions,  it  is  of 
interest  to  chart  some  of  the  Ininrmation 
in  formats  from  which  conclusions  can 
later  be  drawn  as  the  data  expands. 

Figure  1,  for  example,  shows  the  flight 
altitudes  at  which  the  first  40  aircraft 
were  struck. 

As  shown  in  Figure  1,  strikes  occurred 
at  virtually  all  flight  altitudes,  with 
the  highest  percentage  happening  between 
3,000  and  13,000  feet.  45,000  feet  was 
the  highest  altitude  at  which  a strike 
was  encountered,  as  reported  by  a Lear 
Jet  operator  after  a flight  from  Panama 
to  Miami  The  lightning  strike  occurred 
while  the  aircraft  was  penetrating  the 
top  of  a cumulonimbus  (CB)  cloud  over 
Cuba.  Air  Traffic  Control  would  not 
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FIGURE  1 - FLIGHT  ALTITUDES  WHERE 
AIRCRAFT  WERE  STRUCK. 


allow  a deviation,  and  the  strike  caused 
the  left  engine  to  flame  out  and  burned 
out  both  ADF  receivers. 
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FLIGHT  AND  WEATHER  CONDITION'S  WHEN  STRIKES  OCCURRED 


All  of  the  strikes  reported  above  24,000 
feet  were  experienced  by  jet-powered  air 
craft,  whereas  most  of  those  at  24,000 
feet  and  below  involved  piston  or  turbo- 
prop aircraft  that  commonly  operate  at 
these  lower  altitudes.  The  wide  range 
of  altitudes,  of  course,  indicates  that 
aircraft  are  never  beyond  reach  of  light 
ning  strikes. 


The  precipitation  and  cloud  conditions 
revealed  here  are  similar  to  those  ex- 
perienced by  commercial  aircraft,  but  at 
first  glance  the  comparisons  indicate  a 
marked  difference  in  the  flight  condition 
and  degree  of  turbulence  experienced . 

The  higher  percentage  of  strikes  re- 
ported to  business  aircraft  in  level 
flijht  probably  reflects  the  fact  that 
most  of  these  aircraft  cruise  at  lower 
altitudes  than  their  big  brothers,  where 
lightning  strikes  are  more  common.  Like- 
wise, the  higher  percentages  of  n e derate 
and  neJVj  turbulence  noted  by  the  busi- 
ness aircraft  operators  simply  acknow- 
ledge the  unfortunate  fact  that  smaller 
aircraft  bounce  further  than  larger  ones 
in  choppy  air. 


The  other  conditions  within  which  the 
pilots  found  themselves  when  the  reported 
strikes  occurred  are  summarized  on  Fig- 
ures 2 and  3.  Figure  2 shows  the  flight 
and  weather  conditions,  with  a comparison 
to  the  commercial  aircraft  experience 
determined  from  a related  project3.  Most 
strikes  happened  while  the  aircraft  was 
in  level  flight,  within  a cloud,  and  ex- 
periencing some  form  of  precipitation  and 
light  turbulence.  figure  3 shows  that 
the  outside  air  temperature  was  also 
close  to  the  freezing  point 


The  data  of  Figures  1,  2 and  3 indicate 
that  an  aircraft  flying  at  between  5,000 
and  15,000  feet,  within  a cloud  (not 
necessarily  a CB)  and  experiencing  some 


FIGURE  3 - OUTSIDE  AIR  TEMPERATURE  (°F)  WHEN  STRIKES  OCCURRED 
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form  of  precipitation  and  turbulence  is 
most  likely  to  receive  a lightning 
strike.  To  avoid  all  of  these  condi- 
tions would  greatly  reduce  the  proba- 
bility of  a strike,  but  such  a practice 
would  also  relegate  many  aircraft  to  a 
life  in  a hangar.  Instead,  the  data  (as 
it  develops)  should  be  interpreted  to 
alert  pilots  of  the  conditions  within 
which  a lightning  strike  is  most  likely. 

Indeed,  quite  a few  of  the  reported  in- 
cidents occurred  when  least  expected. 

Most  of  the  pilots  were  either  completely 
unaware  of  any  thunderstorm  activity  in 
their  vicinity  or  circumnavigating  known 
areas  of  activity  when  the  strikes  oc- 
curred. One,  for  example,  reported  that 
the  nearest  thunderstorm  (as  defined 
by  radar  returns)  was  150  miles  behind. 

He  was  in  solid  stratus  clouds  at  37,000 
feet  and  beginning  to  encounter  turbu- 
lence when  the  strike  occurred.  Several 
others  reported  circumnavigating  storm 
echoes  by  30  miles  when  they  were  zapped. 
Only  two  reports  were  received  of  air- 
craft passing  close  to  or  penetrating  a 
line  of  thunderstorms,  and  in  these 
cases  the  aircraft  were  near  terminal 
areas  and  being  vectored  from  the  ground. 

Electrical  charge  accumulations  suffi- 
cient to  support  a lightning  flash 
nearly  always  originate  in  CB-type 
clouds,  but  charge  from  such  a cloud  can 
be  carried  a hundred  or  more  miles  down- 
wind by  its  anvil  blow-off.  Precipita- 
tion such  as  sleet  and  hail  can  also  be 
carried  away  in  this  manner,  and  since 
ice  particles  are  invisible  to  most 
radars,  such  an  area  may  be  encountered 
unexpectedly.  The  resulting  lightning, 
hail  and  turbulence  can  be  quite  a sur- 


EFFECTS  ON  THE  AIRCRAFT 

A wide  variety  of  effects  on  the  aircraft 
were  reported,  in  seemingly  random  combi- 
nations. While  none  of  these  resulted  in 
loss  of  the  plane  or  harm  to  those  inside, 
a few  of  the  effects  might,  in  another 
combination  or  under  different  circum- 
stances, have  developed  more  serious  con- 
sequences. Those  of  greatest  concern 
included  engine  flame-outs,  loss  of  elec- 
tric power,  and  damage  to  electronic 
equipment . 

Engine  Flame-Outs 

Of  the  eleven  strikes  to  turbojet  air- 
craft reported  thus  far,  four  resulted  in 
flameout  of  one  engine  and  a fifth  caused 
both  engines  to  quit.  It  was  possible  to 
re-light  the  engine  in  flight  in  all  but 
two  of  these  instances,  in  which  restarts 
were  not  possible  until  after  the  air- 
craft had  landed.  The  aircraft  that  lost 
both  engines  was  struck  at  31,500  feet 
and  in  spite  of  repeated  attempts,  the 
engines  would  not  start  again  until  the 
aircraft  had  descended  to  13,000  feet. 

One  instance  of  a turbo-prop  engine  flam- 
ing out  has  also  been  reported,  with  an 
in-flight  re-start  being  obtained  shortly 
afterwards . 

The  high  percentage  of  biz-jet  flameouts 
that  result  when  lightning  strikes  occur 
has  prompted  some  operators  to  ask  for 
more  information  on  this  subject,  and 
whether  anything  can  be  done  to  prevent 
these  flameouts. 

Study  of  these  incident  reports  and  dis- 
cussions with  the  operators  involved  re- 
veals that  the  engine  flameouts  are  prob- 
ably caused  by  the  disruption  of  inlet 
air  which  results  when  the  hot  lightning 
channel  is  swept  in  front  of  an  engine  as 
illustrated  in  Figure  A. 
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FIGURE  A - HOW  A LIGHTNING  STRIKE  CAUSES  ENGINE  FLAMEOUTS. 
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Lightning  flashes,  of  course,  initially 
attach  to  extremities  such  as  the  nose 
or  wing  tips,  but  since  the  aircraft  is 
moving,  the  lightning  channel  will  be- 
come elongated  and  reattach  to  other 
spots  aft  of  the  initial  attachment 
point  as  illustrated  in  the  insert. 

Items  mounted  on  the  fuselage,  including 
the  engines,  may  thus  be  exposed  to  the 
lightning  channel  even  if  they  are  not 
struck  in  the  first  place. 

A typical  lightning  channel  is  a long, 
tortuous  column  of  luminous,  electri- 
cally conductive  air.  It  may  be  a foot 
or  more  in  diameter,  and  at  its  center, 
temperatures  as  high  as  30,000°K.  and 
pressures  of  many  atmospheres  may  be 
reached.  It  is  not  hard  to  imagine  how 
this  unruly  visitor  can  disrupt  the 
orderly  flow  of  air  into  a small  jet 
engine,  sufficient  to  cause  a compressor 
stall  or  flameout.  Whereas  the  light- 
ning channel  may  pass  very  close  to  the 
engine  inlet,  it  is  not  possible  for 
this  electrical  conductor  to  be  ingested 
because  the  lightning  channel  will  sim- 
ply reattach  to  the  inlet  cowling  which 
is  itself  conductive.  The  tell-tale 
burn  marks  found  on  engine  inlets  after 
several  of  the  reported  strikes  confirm 
this.  The  reasons  that  lightning-related 
engine  flameouts  do  not  occur  to  trans- 
port category  aircraft  with  fuselage- 
mounted  engines  are  (1)  that  the  flash 
has  died  before  being  swept  the  longer 
distance  back  to  the  engine  intakes,  and 
(2)  that  the  intakes  themselves  are 
larger  and  a flash  might  not  disrupt  suf- 
ficient air  to  stall  the  engine. 


Some  operators  have  asked  whether  the  en- 
gine flameouts  might  be  due  to  a light- 
ning related  disruption  of  electric  power 
or  to  some  other  indirect  effect  of  the 
lightning  strike.  Since  no  damage  to 
engine  electronics  or  fuel  pumps  has  been 
reported  it  appears  that  such  effects  are 
not  the  cause.  Also,  while  loss  of  elec- 
tric power  was  indeed  reported  in  a num- 
ber of  incidents,  they  don't  happen  to 
be  the  ones  that  involved  engine  flame- 
outs. The  difficulty  in  obtaining  in- 
flight re-starts  after  these  flameouts 
may  be  the  result  of  flooding,  since  pre- 
cipitation was  also  reported  in  four  out 
of  the  five  incidents.  Rain  was  reported 
in  two  of  the  three  cases  of  re-start 
difficulty. 

As  for  protection  against  flameouts,  there 
is  no  protective  device  or  design  change 
presently  known  that  would  improve  the 
situation,  although  these  incident  reports 
have  prompted  researchers  to  begin  dis- 
cussions of  how  the  effect  might  be  simu- 
lated in  the  laboratory  - a first  step 
toward  learning  more  about  the  intensities 
of  temperature  and  overpressure  required 
to  disrupt  these  engines,  and  the  extent 
to  which  they  are  related  to  engine  power 
settings.  Fortunately,  some  comfort  can 
be  derived  from  the  fact  that  in  most 
cases  only  one  engine  flames  out.  This  is 
logical  because  the  lightning  flash  usu- 
ally sweeps  along  only  one  side  of  the 
fuselage.  In  the  case  where  both  engines 
flamed  out,  the  strike  must  have  swept 
along  both  sides  at  once.  In  this  case 
the  lightning  strike  must  have  entered  one 
side  of  fuselage  and  exited  from  the  other 
side,  as  shown  in  Figure  5. 


FIGURE  5 - POSSIBLE  CAUSE  OF  DUAL  ENGINE  FLAMEOUTS. 
• The  strike  enters  one  side 
and  exits  from  the  other. 
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Therefore,  at  least  until  more  is  learned 
about  the  flameout  problem,  the  best  ad- 
vice for  operators  of  small  aircraft  is: 

• Be  aware  that  lightning  may  cause 
flameouts  (to  turbo-props  as  well 
as  turbo-jet  aircraft) 

• Avoid  areas  of  heavy  precipitation, 
and 

• Be  familiar  with  in-flight 
re-start  procedures 

Power  Outages 

Loss  of  alternator  and/or  inverter  power 
was  reported  in  8 of  the  40  strike  inci- 
dents. In  most  cases  this  was  temporary 
and  power  was  restored  after  circuit 
breakers  were  re-set.  The  particular 
causes  of  each  power  outage  are  unknown, 
since  determination  of  these  would  re- 
quire inspection  of  the  aircraft  or  elec- 
trical circuits  involved.  It  is  probable, 
however,  that  the  lightning  strikes  in- 
duce overvoltage  'spikes'  in  the  electri- 
cal wiring,  of  sufficient  magnitude  to 
spark  across  the  insulation  of  terminal 
boards,  lamp  sockets  and  other  devices, 
causing  short  circuits.  The  circuit 
breakers  pop  and  clear  these  faults,  but 
not  before  the  lightning  surges  have  also 
passed  into  electronic  equipment  power 
supplies,  sometimes  causing  them  to  burn 
out.  Types  of  equipment  reported  to  have 
suffered  damage  and  the  number  of  inci- 
dents of  each  are  listed  in  Table  I. 


TABLE  1 - Equipment  Damaged  by 
Lightning  Strikes 


Autopilot  Pitch  Controls 

(1) 

Radar  Set 

(1) 

VOR 

(1) 

ILS 

(1) 

ADF 

(4) 

VHP  Comm  Set 

(3) 

DME 

(2) 

Tail  Light 

(1) 

DC  Generators 

(1) 

Encoding  Altimeter 

(1) 

Telephone  and  Telegraph  Set 

(1) 

'.'indshie id  Heater 

(1) 

The  outages  listed  in  Table  I are  in 
addition  to  the  temporary  upset  or  inter- 
ference with  NAV-aids  and  communication 
ear  caused  by  static  electricity  prior 
to  the  lightning  strike.  While  the  lat- 
ter interference  can  by  annoying,  it 
rare  1 v persists  long  enough  to  become  a 
hazard.  Permanent  loss  of  electronics 
however,  especially  if  widespread,  could 
deprive  a pilot  of  flight  instruments 
md  GAV-. litis  critical  to  successful 
flight  around  hazardous  weather. 


Many  of  the  voltage  surges  mentioned 
above  are  coupled  into  the  aircraft's 
wiring  by  the  magnetic  fields  that  accom- 
pany every  lightning  strike,  but  some 
surges  have  been  injected  directly  into 
the  aircraft  by  strikes  to  navigation 
and  position  lights.  If  a strike  lands 
near  a light,  a globe  may  break  and  allow 
some  of  the  lighting  current  to  enter 
the  lamp  power  wires.  If  this  happens 
some  of  the  wires  may  also  be  damaged. 

All  lamps  should  therefore  be  inspected 
after  a strike  occurs  and  if  a lamp  has 
been  damaged,  the  insulation  on  the  wir- 
ing and  other  components  between  the  lamp 
and  the  load  center  should  also  be  inspec- 
ted for  damage.  If  other  lamps  are 
powered  from  the  same  circuit  breakers, 
the  wiring  out  to  these  lamps  should  also 
be  inspected,  even  if  the  lamps  them- 
selves were  not  damaged. 

At  present,  there  exist  almost  no  devices 
that  can  be  purchased  and  conveniently 
installed  on  an  existing  aircraft  to  pro- 
tect electronics  against  lightning- 
induced  surges.  Surge  protection,  in- 
stead, is  easiest  to  incorporate  during 
design  and  manufacture  of  new  aircraft. 
Incorporation  of  it  has  begun,  and  will 
evolve  as  understanding  of  the  problem 
improves.  Eventually,  industry-wide 
standards  will  define  protection  levels 
and  establish  responsibilities  of  the 
electronics  manufacturer  as  well  as  the 
aircraft  builder. 

Meanwhile,  rules  of  thumb  for  operators  to 
follow  now  should  include: 

• Be  sure  that  all  electrical  and 
electronic  equipment  is  operative 
before  taking  off,  so  that  backup 
units  are  available  if  the  No.  1 
unit  fails  due  to  a strike 

• Carefully  inspect  the  aircraft 
for  damaged  wiring  or  components 
after  a strike  and  have  necessary 
repairs  made  before  flying 
again 

IMPLICATIONS  FOR  PROTECTION  DESIGN 

In  addition  to  the  data  reviewed  above, 
information  on  the  location  of  lightning 
attachment  zones  on  small  aircraft  is 
also  beginning  to  surface.  Design  engi- 
neers must  know  the  location  of  these 
zones  in  order  to  provide  skins  of  ade- 
quate thickness  to  protect  fuel  tanks, 
and  to  add  protection  for  non-metailic 
structures . 

The  severity  of  lightning  currents  which 
must  be  protected  against  at  particular 
locations  on  an  aircraft  depends  on  the 
lightning  strike  aot  of  the  location  of 
concern.  Three  basic  zones  have  been 
defined1'  as  follows 
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Zone  I : Surfaces  where  there  is 
high  probability  of  initial  lightning 
flash  attachment  (entry  or  exit), 

Zone  2 : Surfaces  of  the  vehicle  across 
which  there  is  a high  probability  of  a 
lightning  flash  being  swept  by  the  air- 
flow from  a Zone  1 point  of  initial  flash 
attachment , 

Zone  3:  Zone  3 includes  all  of  the  vehi- 
cle  areas  other  than  those  covered  by 
Zone  1 and  Zone  2 regions.  In  Zone  3 
there  is  a low  probability  of  any  attach- 
ment of  the  direct  lightning  flash  arc. 
Zone  3 areas  may  carry  substantial  amounts 
of  electrical  current  but  only  by  direct 
conduction  between  some  pair  or  direct  or 
swept  stroke  attachment  points, 

and  further  divides  Zones  1 and  2 into  A 
and  B regions  depending  on  the  probability 
that  the  flash  will  hang  on  for  any  pro- 
tracted period  of  time.  An  A-type  region 
is  one  in  which  there  is  low  probability 
that  the  arc  will  remain  attached  and  a 
B-tvpe  region  is  one  in  which  there  is  a 
high  probability  that  the  arc  will  remain 
attached.  Some  examples  of  zones  are  as 
follows : 


Zone  1A : Initial  attachment  point  with 
low  probability  of  flash  hang-on,  such 
as  the  forward  and  middle  portion  of  a 
wing-tip  tank. 

Zone  IB:  Initial  attachment  point  with 
high  probability  of  flash  hang-on,  such 
as  the  aft  end  (trailing  edge)  of  a tip 
tank . 

Zone  2A -.  A swept  stroke  zone  with  low 
probability  of  flash  hang-on,  such  as 
the  wing  surfaces  and  nacelle  tank  skins 
behind  a propeller. 

Examples  of  these  zones  are  on  Figure  6. 

The  forward  end  of  the  wing-tip  tank  is 
in  Zone  1A.  Due  to  the  forward  motion 
of  the  aircraft,  however,  and  the  need 
for  the  lightning  leader  to  continue  to 
the  ground  before  the  return  stroke  oc- 
curs, arcs  initially  striking  the  forward 
tip  will  be  swept  aft  and  it  is  quite 
possible  that,  in  some  cases  at  least, 
the  high-amplitude  return  stroke  current 
will  not  appear  until  the  arc  has  re- 
attached several  feet  aft  of  the  forward 
tip  Thus  the  center  surface  of  the  tank 
must  also  be  assumed  to  be  in  Zone  1A. 

If  the  flash  is  still  alive  when  the 
trailing  edge  passes  by,  the  arc  will 
hang  on  to  this  location  until  the  flash 
dies  naturally,  placing  the  aft  tip  in 
Zone  2B. 


2A 


FIGURE  6 - LIGHTNING  STRIKE  ZONES  ON  A TYPICAL  GENERAL  AVIATION  AIRCRAFT. 

• The  18"  extensions  of  Zone  2A  on  either  side  of  the  propeller 
diameter  account  for  lateral  variations  in  the  arc  path  Aft 
of  the  propeller. 
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For  vc.irs  the  airlines  and  manufacturers 
of  commercial  aircraft  have  recorded  the 
locat  ion  of  th*.  holes  and  burned  marks 
left  by  lightning  strikes,  for  use  in 
establishing  tin-  lightning strike  zones  on 
these1  aircraft  but  to  date,  no  such 
data  base  exists  for  business  and  general 
aviation  aircraft.  Most  designers  have 
therefore1  adopted  the  zones  established 
lot  commercial  aircraft,  but  initial 
data  ; rom  this  project  indicates  there 
may  be  some  differences.  For  example, 
done  1A  (defined  as  "a  direct  strike 
zone  with  low  probability  of  flash  hang- 
on'”)  includes  only  the  nose  area  of  a 
transport  aircraft  fuselage,  but  several 
o',  the  reports  from  this  project  show 
evidence  of  direct  strikes  arriving  well 
itt  of  the  nose.  This  fact  is  undoubt- 
edly due  to  the  shorter  length  of  these 
liicraft.  . \ :h  ij  h the  leader  may 

attach  ■ • not*  >f  t hi-  1 1 r- 

, ■ 'r.-raf'  -ay  hare  flown  ahead 

■ car..-  ize  «-;t  're  length  before  the 

i . . a ••  ,'j  : h>  earth  and  the  damaging 

■ 8 1 r a initiated  - 'has  a l lo*>- 
r • stroke  to  arrive  nearly 

*~a : : aircraft  fuselage. 

. -.is  result  suggest  that  the  entire 
: :sc  la.  c of  most  business  and  general 
.fit  ion  tircraft  should  be  considered 
..one  IA  for  protection  design 
• a r coses 

■it  .-.ately  perhaps,  lightning  is  an 
c 1 .si  f phenomena  which  doesn't  stay 
• ;-..l  long  enough  to  he  conveniently 
s-  idled.  Over  the  years  a lot  has  been 
.c  irn.e  i about  lightning  from  patient 
c':  rts  to  photograph  it.  and  from 
isurecents  of  the  electric  currents 
it  deposits  in  tall  structures  such  as 
c . ’.pine  State  Building.  Lightning 
irreds  can  be  reproduced  with  large 
a .tor  banks  in  the  laboratory  for 
>f  the  effects  these  currents  have 
■ indivl  iual  airplane  parts.  But  the 
■ ars  ' > other  important  questions, 

. . i in  the  engine  effects  and  strike 

discussed  above,  would  require  nan- 
i ic  li.  htning  tests  of  a complete  air- 
cr.iit  in  it  own  habitat  - a practial 
i- yossiblity . 

t st  answers  to  these  questions  will 
i instead  from  nature's  own  tests  - 
i-  reported  by  the  pilots  who  chance  to 
: c first  hand  witnesses.  However  insig- 
nificant they  may  seem,  the  burn  marks, 
c ircu i t -breaker  pops  and  other  effects 
can  iie Ip  warn  of  future  problem  areas 
and  pa.  dividends  in  improved  safety. 
Thanks,  therefore,  are  due  the  pilots 
) t okc  the  time  to  report  these  events. 
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1.0  INTRODUCTION 

Crossed-loop  direction- finding  methods  have  been  routinely  used  in 
multistation  applications  for  over  30  years  to  locate  the  positions  of  lightning 
flashes.  Such  methods  were  developed  during  World  War  II  and  operate  at 
VLF  frequencies.  The  methods  are  especially  effective  in  the  surveillance 
of  thunderstorms  at  distances  of  500  to  3000  km.  This  is  because  the  VLF 
signals  from  lightning  are  large  and  they  also  propagate  well,  so  that  strong 
pulses  are  received  even  from  distant  flashes.  Furthermore,  for  ranges 
beyond  500  km, site  and  polarization  errors  are  not  a severe  problem.  Within 
500  km,  however,  bearing  errors,  due  to  horizontally  polarized  fields,  are 
very  troublesome  in  routine  VLF  sferics  DF  systems.  Ionospheric  reflections 
cause  polarization  changes  of  the  signal  at  distances  of  100  to  500  km.  Within 
some  200  km,  major  horizontal  fields  are  generated  by  radiation  from 
horizontally  orientated  lightning  channels,  and  also  by  subsequent  pick-up  and 
reradiation  of  these  fields  by  horizontal  conductors  such  as  fences  and  buried 
cables.  Figure  1 illustrates  some  recent  Japanese  data  relating  the  bearing 
error  to  range  for  conventional  V LF  crossed-loop  techniques.  It  is  seen  that 
within  100  miles  VLF  detection  results  in  errors  greater  than  25?  thus  making 
location  of  close  lightning  difficult. 

The  initial  part  of  an  incoming  VLF  atmospheric  is  more  dominantly 
vertically  polarized  than  are  the  succeeding  stages  as  one  would  expect.  The 
first  portion  of  the  ground  pulse,  since  it  originates  in  the  lightning  channel 
section  most  likely  to  be  vertically  orientated,  contains  the  minimum 
horizontally  polarized  contribution.  Thus,  "gating"  techniques  that  operate 
only  on  the  first  part  of  the  atmospheric,  much  reduce  polarization  troubles. 
Such  gating  methods  were  incorporated  in  the  original  British  design  of  a sferu  s 
locator j1  ^prima rily  with  the  objective  of  operating  on  the  groundwave  only,  and  of 
ignoring  skywave  contributions. 
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Fig.  1 V LF  Bearing  Error  Vs.  Range 

A similar  gating  approach  was  suggested  by  l^atham  and  Uman  in 
1971,  and  alsc  by  Noggle  et  al  *and  the  USAF^ in  1973,  whereby  only 
the  initial  part  of  a ground  pulse  is  examined.  In  order  to  understand 


this  much  more  accurate  location  approach  we  need  to  also  understand 
the  physical  process  of  a liahtnina  around  stroke. 


2.0  THE  LIGHTNING  PROCESS  IN  A CLOUD-TO-GROUND  DISCHARGE 


A cloud-to-ground  lightning  discharge  is  made  up  of  one  or  more 
intermittent  partial  discharges.  The  total  discharge,  whose  time  duration 
is  of  the  order  of  0.  5 seconds,  is  called  a flash;  each  component  discharge, 
whose  luminous  phase  is  measured  in  tenths  of  milliseconds,  is  called  a 
stroke.  There  are  usually  three  or  four  strokes  per  flash,  the  strokes  being 
separated  by  tens  of  milliseconds.  Often  lightning  as  observed  by  the  eye 
appears  to  flicker.  In  these  cases  the  eye  distinguishes  the  individual 
strokes  which  make  up  a flash.  Each  lightning  stroke  begins  with  a weakly 
luminous  predischarge,  the  leader  process,  which  propagates  from  cloud- 
to- ground  and  which  is  followed  immediately  by  a very  luminous  return  stroke 
which  propagates  from  ground-to-cloud. 

It  has  been  found  that  the  electrostatic  field  takes  ahout  7 seconds  to 
recover  to  its  predischarge  value  after  the  occurrence  of  a lightning  flash 
at  a distance  beyond  5 km,  but  when  the  flash  is  very  near,  the  recovery  time 
may  be  different  due  to  the  presence  of  space  charge.  In  both  cases,  re- 
generation of  the  field  takes  place  exponentially. 

2. 1 Stepped  Leader 

The  usual  cloud- to- ground  discharge  probably  begins  as  a local  dis- 
charge between  the  p-charge  region  in  the  cloud  base  and  the  N-charge  region 
above  it  (Figure  2).  This  discharge  frees  electrons  in  the  N-region  previously 
immobilized  by  attachment  to  water  or  ice  particles.  The  free  electrons 
overrun  the  p-region,  neutralizing  its  small  positive  charge,  and  then  continue 
their  trip  toward  ground,  which  takes  about  20  msec.  The  vehicle  for  moving 
the  negative  charge  to  earth  is  the  stepped  leader  which  moves  from  cloud- 
to-ground  in  rapid  luminous  steps  about  50  m long,  as  shown  in  Figure  2. 

Each  leader  step  occurs  in  less  than  a microsecond,  and  the  time  between 
steps  is  about  50  ^ sec. 

2.  2 Return  Stroke 

When  the  stepped  leader  is  near  ground,  its  relatively  large  negative 


-17 


Fig.  2 Stepped  leader  initiation;  a)  cloud  charge  prior  to  p-N  discharge,  b)  stepped 
lea'der  moving  downward  in  50  m steps. 
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Return  stroke  initiation;  a)  start  of  upward  moving  sparks  to  meet  leader 
b & c)  return  stroke  propagation  from  ground  to  cloud. 


charge  induces  large  amounts  of  positive  charge  on  the  earth  beneath  it  and 
especially  on  objects  projecting  above  the  earth's  surface  (Figure  3).  Since 
opposite  charges  attract  each  other,  the  large  positive  charge  attempts  to 
join  the  large  negative  charge,  and  in  doing  so  initiates  upward-going  dis- 
charges. One  of  these  upward-going  discharges  contacts  the  downward-moving 
leader  and  thereby  determines  the  lightning  strike  point.  When  the  leader  is 
attached  to  ground,  negative  charges  at  the  bottom  of  the  channel  move  violently 
to  ground  causing  large  currents  to  flow  at  ground  and  causing  the  channel  near 
ground  to  become  very  luminous.  The  channel  luminosity  propagates  con- 
tinuously up  the  channel  and  to  the  channel  branches  at  a velocity  somewhere 
between  1/2  and  1/10  the  speed  of  light.  The  trip  between  ground  and  cloud 
takes  about  100  M sec.  When  the  leader  initially  touches  ground,  electrons  flow 
to  ground  from  the  channel  base  and  as  the  return  stroke  moves  upward,  large 
numbers  of  electrons  flow  at  greater  and  greater  heights.  Electrons  at  all 
points  in  the  channel  always  move  downward,  even  though  the  region  of  high 
current  and  high  luminosity  moves  upward. 

It  is  the  return  stroke  that  produces  the  bright  visible  channel.  The  eye 
is  not  fast  enough  to  resolve  the  propagation  of  the  return  stroke,  or  the  stepped 
leader  preceding  it,  and  it  seems  as  if  all  points  on  the  channel  become  bright 
simultaneously. 

After  the  first  return  stroke  is  complete,  more  charge  may  be  made 
available  to  the  top  of  the  ionized  channel  and  a dart  leader  will  then  pass  down 
this  branchless  channel  to  ground,  once  more  depositing  negative  charge.  A 
second  return  stroke  then  passes  up  the  channel.  The  process  may  continue 
several  times  in  a fraction  of  a second. 

2.  3 Intracloud  Discharge 

Intracloud  discharges  have  a duration  of  the  order  of  0.2  seconds,  causing 
a continuous  low  luminosity  in  the  cloud.  It  is  thought  that  during  this  time  a 
propagating  leader  bridges  the  gap  between  the  two  main  charge  centers. 
Superposed  on  the  continuous  luminosity  are  relatively  bright  luminous  pulses 
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which  are  probably  relatively  weak  return  strokes  that  occur  when  the 
propagating  leader  contacts  a pocket  of  charge  of  opposite  polarity  to  that 
of  the  leader.  Direction  finding  on  such  waveforms  can  not  be  achieved  by 
broadband  magnetic  field  techniques. 

2.4  Magn  etic  Field  Waveform 


A significant  characteristic  is  the  rate  of  rise  of  the  current  waveform. 
It  has  been  generally  assumed  in  the  recent  past  that  the  lightning  current 
waveform  reaches  a peak  in  some  1 to  3 M sec.  More  recent  information  by 
Llewellyn^  in  1977  indicates  that  the  current  risetime  may  be  much  less 
than  1 u sec.  Figure  4 shows  some  risetimes  for  a selection  of  close  and 
distant  storms.  For  some  storms  the  average  time  to  peak  value  was  found 
to  be  of  the  order  of  1/4  Usee  or  less.  A series  of  consecutive  return  stroke 
waveforms  is  shown  in  Figure  5. 


In  order  to  understand  the  waveform.  Figure  6 illustrates  the  approx- 
imate time  table  of  a return  stroke  in  a lightning  flash.  This  was  photographed 
by  Malan^  ^ and  the  time  sequence  shown  is  from  the  upward-moving  bright 
luminosity. 


Fig.  6 Timr-tablr  of  the  return  stroke  of  a lightning  Hash.  The  bright  luminos- 
ity starts  at  the  ground  and  moves  upwards. 


It  is  seen  from  Figure  b that  a receiver  bandwidth  capable  of  monitoring 
time  periods  of  1 U sec  or  faster  (1  MHz  or  broader)  would,  in  this  case,  be 
able  to  detect  signatures  from  the  base  of  the  return  stroke,  whereas  a lower 
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frequency  would  monitor  possible  signatures  from  higher  branches  and  bends 
leading  to  the  large  errors  shown  in  Figure  1.  This  principle  of  gating  a 
broadband  receiver  to  detect  only  the  base  of  the  return  stroke  forms  one  of 
the  basic  ideas  behind  the  lightning  position  and  tracking  system. 
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i.  0 LIGHTNING  POSH  ION  AND  TRACKING  SYSTEM  (LPATS) 


I lie  recent  advancements  in  monitoring  and  understanding  the  magnetic 
tield  characteristics  from  lightning  that  have  just  been  discussed  have-  led 
to  the  capability  ot  accurately  detecting  and  tracking  lightning  at  close  ranges 
(1-400  km).  1 he  Lightning  Positiion  and  Tracking  System  (LPATS)  relies  on 
being  able  to  detect  the  cloud  to  ground  discharge  by  its  unique  broadband 
magnetic  field  waveform.  Once  detected  this  waveform  is  sampled  for  the  part 
of  the  return  stroke  that  is  within  100  feet  of  the  ground.  It  is  well  known  that 
this  part  ot  the  discharge  is  almost  always  vertical  and  carries  the  greatest 
energy,  implying  that  we  have  a vertical  omni-directional  radiating  antenna 
and  a powerful  transmitter.  LPATS  detects  the  characteristics  of  the  return 
stroke,  sampling  several  parts  of  the  waveform,  and  in  particular  it  samples 
the  peak  value  which  occurs  during  the  first  100  feet  or  so. 

for  ideal  monitoring  three  receiving  stations  are"  set  up  at  points 
comparable  to  the  vertices  ot  an  equilateral  triangle,  with  base  line  about 
1/4  of  the  distance  to  be  covered.  Each  station  has  a pair  of  orthogonal  loop 
antennas  and  a receiver.  The  station  will  need  virtually  no  maintenance  and 
is  easy  to  set  up.  The  data  collected  will  be  transmitted  via  telepnone  line 
(or  YHF/UHF  link)  to  a central  station  which  monitors  the  signals  and  computes 
the  desired  information.  The  results  can  be  displayed  in  map  form  on  a video 
terminal,  displayed  on  a printer  or  input  to  a computer. 

The  units  perform  well  in  locating  lightning  from  0 to  4 00  or  more 
kilometers  because  lightning  energy  is  enormous.  When  a signal  above  a 
threshold  level  is  detected  its  characteristics  are  transmitted  within  millisecond 
to  the  master  station.  Analysis  is  performed  on  the  data  arriving  on  the  three 
incoming  lines  and  triangulation  calculations  show  the  point  of  the  strike.  This 
is  repeated  for  each  return  stroke.  If  the  characteristics  are  such  that  it  is 
not  a return  stroke,  tin-  lightning  signals  received  must  be  from  an  intracloud 
discharge,  and  pertinent  cloud  stroke  information  can  be  recorded. 
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The  advantages  of  LPATS  are  its  low  cost, ease  of  installation  and 
maintainance , and  its  accuracy.  LPATS  also  has  the  ability  to  allow  many 
parameters  to  be  monitored  such  as  lightning  intensity,  speed  and  direction 
of  movement,  and  display  information  on  a video  screen  map  or  incorporate 
it  into  any  computer  system. 


4.0  SYSTEM  DESCRIPTION 


4.  1 Single  Discharge  Directional  Location 
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Two  Orthogonal  Loop  Antennas 


Two  orthogonal  loop  antennas  and  their  related  broadband  receivers 
(1kHz  to  100  MHz)  monitor  the  magnetic  field  from  a lightning  stroke.  When 
the  stroke  is  vertical,  close  to  the  ground,  the  signal  received  in  the  North- 
South  antenna  is  proportional  to  B cos  Cp  ; whereas  the  East- West  received 
signal  is  proportional  to  B sin  Cp.  The  microcomputer  determines  the  part 
of  the  signal  from  the  region  close  to  the  ground  and  computes  the  angle  to 
the  discharge  by  simple  trigonometry.  The  information  sent  to  the  computer 
includes  the  waveform  characteristics,  such  as  time-to-peak  and  half  peak, 
as  well  as  peak  value. 

4.  2 Distance  Computation 

Three  such  sites  send  similar  information  on  the  discharge  to  the 
computer,  which  immediately  calculates  the  angle  from  each  site  and  determines 
the  point  of  contact  by  triangulation.  As  a result,  the  distance  of  the  discharge 
from  the  cent-T  of  interest  is  known  along  with  the  azimuth  angle. 


4.  3 Angular  and  Distance  Accurac 


Tests  on  the  angular  accuracy  from  a single  station  to  a lightning 
strike  have  been  carried  out  over  Central  Florida  during  the  last  year. 
Monitoring  oi  close  lightning  (8  miles)  was  carried  out  by  video  photography, 
and  distant  storms  were  monitored  by  high  resolution  infrared  satellite  cloud 
photography. 

The  angular  data  from  the  single  station  LPATS  agreed  to  the  angular 
resolution  of  the  video  system  which  is  about  - 1P  . Monitoring  of  the  distant 
cells  indicated  that  similar  accuracies  existed.  Using  simple  triangulation 
' trigonometry,  this  ll  error  can  be  extrapolated  to  two  dimensional  errors 

in  a three  station  system.  These  errors  have  been  calculated  by  a computer 
for  a 10  mile  baseline  using  two  of  the  three  stations  and  are  shown  in 
Figure  7.  These  errors  will  statistically  improve  as  the  storm  progresses 
and  more  data  becomes  available. 
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4 . 4 Differential  ion  between  In  t r a cloud  and  Ground  Strokes  and  Probable 

Tornado  Detection 

In  the  software, intracloud  and  ground  strokes  can  be  easily  differen- 
tiated by  their  waveform  characteristics,  since  the  values  for  signal  peak 
amplitude  and  rise  and  decay  times  differ  significantly.  Actual  recordings 
of  return  stroke  magnetic  waveforms  were  shown  in  Figures  4 and  5.  Tornado 

monitoring  is  also  possible  by  monitoring  bursts  of  HF  signatures  as  reported 
(tJ 

by  Taylor  . This  burst  information  can  be  displayed  on  the  video  terminal. 

4.  5 Determination  of  Storm  Parameters 

We  have  shown  that  LPA1  S is  capable  of  almost  instantaneous  recording 
of  lightning  flash  position.  With  competent  software  development  it  is  possible 
to  generate  programs  to  supply  storm  location,  direction  of  movemert,  in- 
tensity, and  other  relevant  facts.  The  exact  calculation  and  information  display 
can,  of  course,  be  modified  to  suite  the  user's  needs,  but  the  following 
techniques  have-  been  incorporated  in  present  systems. 


4.  t- 


Single  ami  Multiple  Sturm  C 1 1 Resolution 


The  computer  has  in  its  memory  the  exact  strike  positions  lor  the  last 
several  minutes.  Software  can  be  written  to  accept  each  cluster  of  points, 
over  a particular  distance  and  time,  which  will  correspond  to  a cell.  The 
center  of  gravity  of  each  cluster  can  be  computed  as  the  storm  center.  By 
these  means,  all  the  existing  cells  t an  be  monitored  and  separately  identified. 

The  information  from  each  antenna  location  is  received  and  processed  within 
milliseconds  such  that  the  individual  return  strokes  in  a flash  can  be  monitored 
for  greater  accuracy.  The  likelihood  of  two  different  discharges  occurring 
within  a few  milliseconds  is  very  remote.  Such  discharges  would  probably  be 
triggered  from  the  same  cell  and  the  different  strokes  will  probably  be  more 
than  100  msec  apart.  Once  the  return  stroke  has  hit  the  ground  the  signal 
moves  at  the  velocity  of  light  or  18o  miles  per  millisecond,  which  again 
illustrates  the  rare  chance  of  two  discharges  interfering  with  location 
accuracies. 

4 . 7 Storm  Intensity 

Because  information  from  storms  is  fed  into  the  microcomputer  memory 
within  milliseconds  and  because  the  computer  has  already  defined  the  different 
cells,  there  should  be  no  problem  in  resolving  the  intensity  of  each  one  of 
several  storms.  This  intensity  could  be  defined  a<  either  electric  current  in- 
tensity or  flash  rate,  or  both.  The  recorded  intensity  of  the  signal  from  each 
site  allows  the  current  in  the  discharges  to  be  montored  with  reasonable 
accuracy,  and  the  number  ot  discharges  per  cell  occurring  within  each  minute 
can  be  counted  to  determine  the  flash  rate.  This  data  can  be  displayed  in  number 
code  on  a display. 

4.8  Speed  am  Direction  of  Storm  Movement 

Monitoring  the  change  in  position  of  the  center  of  gravity  of  each  storm 
cell  and  relating  it  to  the  corresponding  time  interval,  will  identify  the  speed 
and  direction  o movement.  Ibis  information  could  be  illustrated  on  a display 
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* ith  arrows  and  numbers,  or  it  could  be  fed  into  an  existing  computer  in 
any  desired  way.  The  experience  of  each  user  will  define  his  ideal  re- 
quirements  which  could  be  changed  by  simple  software  modifications. 

4.  9 Auto,  Calibrate  and  Self  Check  Capability 

The  remote  systems  have  the  capability  of  self  checking  the  analogue 
to  digital  converter  at  the  system  voltage  levels  and  also  the  receiver  and 
attenuator  sections  for  fault  diagnostic  purposes.  The  system  is  also  designed 
to  allow  processor  and  memory  checks  to  be  carried  out  at  the  remote  sites 
under  direction  from  the  central  processor.  Any  faults  uncovered  by  these 
means  are  listed  at  the  CPU. 

An  update  capability  allows  a user  to  update  from  the  CPU  the  remote 
system's  internal  waveform  analysis  selector,  attenuator  settings,  delay  time 
requirements  and  cloud  or  ground  stroke  information. 

4.10  Electric  Field  Monitoring 

The  LPATS  computer  is  capable  of  receiving  data  from  field  mills  placed 
at  selected  sites  so  that  warning  of  an  impending  first  stroke  from  a 
thundercloud  can  be  displayed  on  the  terminal. 
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5.0  RESULTS 
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The  LPATS  system  is  shown  in  Figure  8.  A basic  system  would 
incorporate  the  video  terminal  and  the  19"  x 8"  electronic  unit.  The 
photograph  shows  these  two  with  the  addition  of  magnetic  tape  recorders, 
disc  recording  and  teleprinter  output.  The  c rossed- loop  antennas  are 
shown  in  Figure  9. 

A video  display  showing  a storm  approaching  Melbourne  airport  at 
lo  mph  is  shown  in  Figure  10.  The  strike  positions  are  shown  along  with 
storm  intensity.  During  non-active  days,  an  auto  check  is  possible  in  order 
to  investigate  the  correct  functioning  of  each  system.  Such  a display  is  shown 
in  Figure  1 1 . 

A single  station  system  is  being  developed  where  accurate  angles  to 
the  discharge  are  recorded,  and  distance  is  obtained  from  the  relationship 
between  electrostatic  and  magnetic  fields  radiated  from  the  lightning 
discharge. 

Figure  12  shows  data  from  each  of  three  remote  site's  tor  several  return 
strokes  in  four  different  flashes.  It  is  interesting  to  note  the  return  stroke 
risetimes  that  vary  from  0.2  to  1.8  m sec.  The  discrepancy  between  first  and 
subsequent  return  stroke*  angles  l ->  probably  due  to  low  level  branching  in  the 
first  return  stroke.  More  accurai  y is,  therefore,  achieved  by  using  the 
subsequent  data  for  positional  information.  Ibis  risetime  information  is 
extremely  useful  research  data  f*  r understanding  the  basic  problems  in  surge 
protection  and  lightning  protection. 
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Kiy.  12  Typical  teleprinter  output  of  individual  return  stroke  characteristics 
as  monitored  from  three  sites  for  four  different  strokes.  January 
23.  1979. 
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INTRODUCTION 

Recently,  the  problem  of  electronic 
equipment  protection  has  become  more  and 
more  important. 

The  mam  reasons  are: 

Increasing  density  of  electronics.  This 
is  due  to  ever  increasing  chip  density, 
allowing  greater  packing  of  elementary 
components . 

Normal  circuit  operating  voltaqes  have 
dropped  from  hundreds  of  volts  to 
several  volts  so  that  ratio  of  over  to 
normal  voltage  has  been  increased  per- 
haps by  one  hundred. 

At  the  same  time,  electronic  equipment 
became  more  and  more  sophisticated,  re- 
quiring more  and  more  elements  and 
connecting  cables. 

Finally,  we  must  consider  that  we  re- 
quire more  and  more  confidence  in  elec- 
tronic systems.  So  they  must  remain 
quite  reliable  even  when  surges  occur. 

For  these  reasons  it  seems  to  be  normal 
that  lightning,  EMP  and  other  overlevels 
of  protection  are  becoming  a fundamental 
concern  of  modern  engineering. 


PREAMBLE 

Any  equipment  is  generally  quite  satis- 
factory when  used  in  a laboratory. 

If  you  encounter  some  problems  during 
normal  use,  it  is  because  the  environ- 
ment in  which  it  is  now  used  is  no 
longer  the  same. 

So,  when  you  have  to  solve  any  equiment 
protection  problem,  :you  have  to  consider 
this  environment,  a/id  in  particular: 

• The  building  or  shelter  in  which  the 
equipment  is  used 

• The  eart>h  and  ground  connections 

• The  prqximity  of  other  materials, 
which  can  represent  a further  source 
of  disturbance 

• Power  lines  to  the  equipment 

• Long  signal  lines  to  the  equipment. 

We  will  deal  rapidly  here  with  the  last 
three  points,  but  with  emphasis  on  the 
power  and  signal  protection  devices,  and 
in  those  emphasize  coaxial  protection 
dev i ces . 
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THE  TECHNICAL  BUILDING 

The  best  technical  building  you  can 
imagine  is  in  fact  a Faraday's  Cage, 
connected  to  a good  ground  reference. 

However,  you  know  that  you  can  never  get 
it  for  several  reasons. 

So  everything  you  do  which  makes  your 
technical  building  look  like  a shielded 
room  will  be  in  the  right  direction. 

For  example,  you  will  have  to: 

• Weld  all  the  reinforcing  bar  cross- 
ing points  when  the  wall  are  built. 

• Install  under  the  future  building  a 
good  earth  reference,  made  of  an 
iron  network  which  will  be  extended 
further  than  the  building  limits 

• Connect  all  the  building  metallic 
pieces  and  all  the  equipment  to  this 
ground  reference 

From  the  point  of  view  of  lightning  pro- 
tection, such  an  insulated  building  or 
an  assembly  of  buildings  grouped  togeth- 
er will  be  considered  as  a single  unit 
and  referenced  to  the  same  ground.  We 
will  call  this  an  "insulated  unit"  as 
compared  with  other  external  buildings 
which,  due  to  the  strength  of  the  surges 
expected  will  be  dynamically  referenced 
to  a different  level  when  a surge  occurs 
on  one  of  them. 

When  you  consider  such  an  "insulated 
unit"  you  have  only  two  ways  of  entrance 
of  the  surges.  These  are: 

• Horizontal  lines  power  and  signal 
1 1 nes 

• Vertical  lines  (antenna  feeders  for 
example ) . 

The  object  of  the  protection  devices  we 
will  speak  about  is  to  limit  to  a non- 
destructive value  the  surge  levels  which 
will  reach  the  equipment  installed  in 
the  unit. 

Note  that  the  resulting  levels  will  come 
from: 

The  lightnmq  current  on  wires  (we  elim- 
inate the  strong  lightning  currents  di- 
rectly fall-ing  on  the  equipment,  which 
are  supposed  to  follow  first  the 
lightning  down  conductor) 

The  circulation  current  due  to  the  dif- 
ferent potentials  taken  at  the  same  time 
by  the  ditterent  "insulated  units". 


Further,  when  the  devices  are  installed, 
you  may  have  to  further  protect  some  ex- 
tra sensetive  equipment  by  putting  pro- 
tective devices  directly  on  the 
individual  circuit  cards. 

The  protection  devices  described  here 
must  only  be  put  on  the  external  connec- 
tions of  the  equipment  with  the  other 
units  (signal  and  power  lines)  and  on 
the  antenna  feeders. 

DEVICES  FOR  THE  PROTECTION  OF  POWER 
LINES 

Devices  for  the  protection  of  power 
lines  must  be  studied  regarding  two  main 
characteristics: 

• the  normal  operating  level  (HV,  MV, 
LV) 

• the  distributed  power  in  the  line 

The  protection  of  high  and  medium 
voltage  power  1 l nes 

Generally  they  are  distributed  in  delta 
configuration,  three  wires.  The  only 
protection  which  gives  results  consists 
in  applying  the  appropriate  voltage  ar- 
resters. So,  we  cjan  get  the  arrangement 
shown  i n f igure  1 . 

Regarding  the  power  in  the  line,  and  in 
order  to  avoid  upstream  effects,  you 
must  choose  an  arrester  which  is  spe- 
cially developed  for  power  applications. 
In  fact  it  generally  combines  a spark 
gap  and  a series  VDR  which  warrant  the 
arc  extinction.  You  can  see  also  that 
the  resulting  surge  is  high  all  the 
same,  so  it  will  be  necessary  to  provide 
further  protection  (generally  this 
protection  is  made  on  the  low  voltage 
line,  where  the  sensitive  equipment  is 
connected).  Figure  2 is  a example  of 
such  a protection  device  ( HV  6kV  and  MV 
900V) . 

Protect  ion  of  the  low  vol tape  1 i nes 

Low  voltage  lines  can  be  distributed  in 
delta  or  wye  configuration. 

For  protection  here,  you  can  use  low 
voltage  arresters.  They  will  conduct 
the  main  energy  of  the  overvoltage  to 
ground . 

An  example  of  such  a device  is  shown  in 
figure  3.  We  can  call  it  "primary  pro- 
tection", because  it  is  generally  not 
efficient  enough  regarding  the  sensitive 
equipment  connected  downstream;  because 
of  its  delay  of  response,  road  surges 
will  remain. 
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So  you  have  to  complete  it  with  a rapid 
response  component.  It  may  be  obtained, 
tor  example,  trom  a TransZorb  R’  and  a 
AC  power  filter.  If  you  want  a qood 
efficiency  of  the  arrester  plus 
TransZorb  association  you  have  to  in- 
troduce a delay  between  the  two  compo- 
nents. In  the  example  in  fiqure  4 this 
delay  is  obtained  by  usinq  a 100 
uHenrys  IS  amperes  inductor. 

In  fiqure  5 you  can  see  the  dynamic  re- 
sponse of  such  a protection  reqardinq  a 
CC  kV  pulse. 

The  effects  with  a resistive  load  of  12 
ohms  are  shown  on: 

• the  arrestor  alone 

• the  arrester  and  the  TransZorb  R 

• the  complete  device. 

In  fiqure  6 you  can  see  two  devices. 

• a one-wire  3KvA  low  voltaqe  pro- 
tect ion . 

• a three-wire  9 kVA  LV  protection. 

If  you  need  decouplinq  protection,  you 
can  avoid  common  mode  surqes  by  using  a 
transformer.  Such  a arrangement  is 
shown  m figure  You  can  see  that 

there  is  no  need  for  the  inductance 
because  of  the  self-impedance  of  the 
transformer  itself. 


DEVICES  FOR  THE  PROTECTION  OF  SIGNAL 
LINES 

Because  of  the  small  cross-sect l on  of 
the  elementary  wires  in  such  a cable,  we 
car  expect  only  limited  power  surges  on 
it.  That  is  why  such  protection  devices 
will  be  built  from  smaller  simple  com- 
ponents, which  can  be  placed  on  print-ed 
circuit  cards. 

Basic  diaqrams  are  built  with  arresters 
sTali  2 C C V spark  qaps  , seifs  (some 
hundred  -icrohenrys  and  transient  surge 
levi-es  for  example  TransZorbs  R of 
the  IN  56  . .A  JANTX  series  . There 
ar<  a. sc  other  components  such  as  fuses 
and  res.stors  resistors  must  be  put  in 
cr>r  to  guarantee  arc  extinction  in  the 
spark  gap  wnen  the  device  is  installed 
to  protect  a line  which  has  for  example 
a permanent  DC  voltage  with  respect  to 
the  ground. 

Of  -Ourse,  the  final  circuits  must  take 
into  a'-ount  the  siqnal  itself  and  in 
fart: 

• if  . polarity  which  can  be  positive, 
negative  or  both 

• its  peak  level  DC,  AC  or  both  DC 

and  AC 


• whether  or  not  you  have  to  transmit 
DC  levels 

• the  highest  frequency  that  you  have 
to  transmit  (or  the  rise  time  of 
digital  siqnals) 

The  series  devices  we  have  built  are 
identified  both  throuqh  a color  and  a 
number.  The  color  may  be: 

yellow  for  positive  signals 
red  for  negative  signals 
blue  for  bipolar  aignals 
green  for  AC  signals  only 

The  number  can  be  from,- 

01  to  49  for  low  frequency  devices 
50  to  99  for  low  capacitance  devices. 

Because  of  the  gap  chosen  (CASR  type 
from  Claude  you  can  conduct  to  ground  a 
5 KA/30  us  current. 

The  residual  surge  level  »s  identified 
by  the  TransZorb  R number,  as  you  can 
see  in  figure  8. 

It  shows  a 2kV  - 3/20  us  surge  through  a 
"Red  04"  device  (which  is  mounted  with  a 
IN5653A  JANTX  TransZorb  ( R , ) . 

Fiqure  9 shows  two  other  examp, es  of 
such  devices  a "Yellow  C2"  and  a "Blue 

09  " 

Note:  to  remain  efficient,  you  have  to 
put  such  devices  on  each  wire  of  siqnal 
cables.  So  you  rapidly  need  an  signifi- 
cant quantity  of  them.  Figures  1C  and 
11  show  examples  of  such  installations, 
taken  in  Berlin-Tegel  airport,  where 
about  seven  thousand  were  installed  for 
liqthninq  protection. 


DEVICES  FOR  THE  PROTECTION  OF  COAX  I AL 
LINES 

On  a coaxial  line  you  will  generally 
find: 

• video  siqnals  from  low  frequencies 
to  some  1C  megaHertz 

• high  frequency  signals  antennas  and 
so  on  > . 

For  the  protection  of  video  signals  you 
can  realize  protection  devices  derived 
from  low  frequency  signal  protections 
described  previously. 

For  high  frequency  protection  devices 
you  must  use  the  technique  of  tuned 
lines,  which  will  provide  very  efficient 
static  protections. 


I 
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Protect  ion  at  a TV  video  signal 

The  diagram  ot  such  a protection  is 
shown  in  figure  12  ttop'.  You  can  see 
that  it  is  a decoupling  system.  The 
coaxial  transformer  used  here  is  a 75  75 
ohms  impedance  device.  Its  pass  band 
covers  20  Hz  to  9MHz  at  less  than  2 
decibles  v figure  12  bottom). 

It  is  protected  upstream  by  sparkgaps 
you  can  see  that  the  external  coaxial 
line  which  is  supposed  to  be  the  means 
of  entrance  of  the  lightning  current  is 
now  insulated  from  the  shelter  and  from 
the  equipment’.  Downstream  you  can  see 
a coaxial  TransZorb  iR)  TPD  series  (ref- 
erence G77Q21C  followed  by  A tor  5 volts 
and  B tor  24  volts  . 

Such  protection  is  very  efficient  and 
you  can  see  a test  result  m figure  13. 

Note:  When  you  have  put  such  a decou- 

pling device  at  each  end  of  a long  line 
i coaxial  here’  you  must  not  let  it  with- 
out dc  reference  to  the  qround  because 
it  will  collect  all  the  ground  circula- 
tion currents  and  you  will  get  some  dis- 
turbances. In  figure  14  we  have  shown 
two  ground  connections  which  avoid  this, 
and  allow,  in  addition,  primary  protec- 
tion ajainst  lightning  effects,  because 
only  a sTall  part  of  the  lightning 
current  will  reach  the  protection  (be- 
cause of  the  greater  dc  impedance  of  the 
protection,  seen  from  the  external 
cable,  largely  insulated  . 


Dev i res  f or  t he  protect i on  of  high 
f re  per  -y  -pax  i a 1 1 i nes 

When  the  signal  is  high  frequency  tor 
very  high  or  ultra  high,  or  more)  you 
have  to  use  the  tuned  lines  technique. 

It  consits  in  making  use  of  the  proper- 
ties of  the  quarter-wavelength  lines. 

From  this  technique  you  will  be  able  to 
realize  two  kinds  of  protection  devices, 
which  are:  see  fiqure  15- 

• ~cupl i nq  devices.  It  introduces 
on  the  line  a hiqh  series  impedance 
for  dc  current  or  generally  for  low 
frequency  current,  regarding  the 
high  frequency  normal  siqnal  in  the 
lire  . See  f i qure  1 5B . 


• The  combination  gives  a very  good 
and  compact  protection  device.  See 
figure  15C. 

Of  course,  such  protection  devices  must 
be  built  and  tuned  regarding: 

• the  impedance  of  the  coaxial  line  to 
be  protected 

• the  bandwidth  of  the  high  frequency 
signal 

• the  VSWR  and  the  insertion  loss 
permitted 

• the  protection  required  for  light- 
ning frequencies 

Figure  16  shows  12  examples  of  the  main 
technical  data  of  some  of  the  devices 
built  since  1972. 

You  can  see  in  figures  17  and  18  such 
devices  as  used  in  a frequency  trans- 
mitter station  which  is  equipped  with 
these  coaxial  protection  devices  on  each 
feeder.  (Berlin  1976). 


CONCLUSION 

In  order  to  realize  efficient  protection 
of  any  electronic  equipment,  you  must: 

• consider  its  total  environment 

• take  account  of  all  its  lines,  in- 
cluding power,  signal  and  antenna 

1 i nes 

• install  the  specific  protection  de- 
vice on  each  wire  which  is  directly 
connected  to  the  equipment 

• do  not  forget  any  wire. 


When  you  have  done  this,  and  except  for 
the  strong  liqhtmng  surges  which  could 
directly  hit  the  equipment  itself,  you 
can  consider  its  protection  against  all 
main  surges  ensured. 


* 2l  protect  l on , It  presents  a low 
impedance  path  to  the  ground  for  the 
dc  ’urrents  or  more  generally  for 
th-  iow  frequencies,  but  not  effect- 
ing the  high  frequency  normal  signal 
in  trie  <uaxial  line  See  fiqure 


Figure  2 HV  b KV  PRIMARY  PROTECTION 


DISPOSITION 

TRIANGLE 


Pa'«*oud'e*  BT 


DISPOSITION  ETOILE  AVEC 
N IMPEDANT 


(WYE  3 WIRES  WITH  IMPEDANT 
NEUTRAL) 


Protection 
d un»  distribution 
BT  etoile 


N 3 TERRE 


(WYE  3 WIRES  VITH 
GROUNDED  NEUTRAL) 


Protection 
d un»  distribution 
BT  etoi'e 


PRIMARY  LOW  POWER  PROTECTION 


f 720  V 

Paratoudres  BT 

Utilisation 

/ . ..  . • 

3 t-ls  220  V 

i £ 

5 1 

♦ terr. 

1 

J- 

Protection  d uni 
distribution 

z r 

Vr  Tj4t»  jtrr 

t 

BT  triangle 

— 

jf  /3.0  V S 

kJ 

L 

• 

Paratoudres  BT 

<6 

1 _ . 

> 220  V 

f 

I 

1 

i n 

/n 

j 

<rr  ** 

1 

i j-r 

1 WIRE,  GROUNDED  NEUTRAL 


1 WIRE,  IMPEDANT  NEl'TRAl 


3 WIRES,  GROUNDED  NEUTRAL 


COMPLETE  LV  PROTECTION 


Figure  S SURGE  EFFICIENCY  OF  A LV  3 KVA  j WIRE  PROTECTION  DEVICE 


CASK 


CASK 


Figure  9 PROTECTION  DEVICES 


Figure  10  SIGNAL  PROTECTION  DEVICES 


DEVICE  YELLOW  02  (FOR  POSITIVE  SIGNALS) 


DEVICE  BLUE  09  (FOR  BIPOLAR  SIGNALS) 


Protection 
de  ♦ 170  V 
a 170  V 


Protection 
de  0 a • II  V 


> -V  , 


IT.S1  itOX 


-wo 


— w* 


rz  - LN3665AJTX 


rz  IN5665AJTX 


IN5640AJ1X 


jpUftMWiitii1 


iiiiiiiiifiiigmi 

UMilUUfiRitB!  [ 

miniiwiiuiir 

’ HWHiWiil  \ 

■ m.-  1 

TPD50V 

75-ft 


TMNSFO  VIDEO 
L.LSIS 


VIDEO  PROTECTION  DIAGRAM 


INSERTION  RESPONSE  OF  PROTECTION  DEVICE 


BASIC  SURGE  (700V  . lms) 


RESIDUAL  SURGE  (5V) 


Figure  13  VIDEO  DEVICES  EFFICIENCY  FOR  A LONG  SURGE  (THE  TPD  IS  A 5V  PROTECTION, 


TECHNICAL  CHARACTERISTICS  OF  SOME  COAXIAL  PROTEC  I LON  DEVICES 


Lightning  Fatalities:  Can  they  be  prevented? 
William  E . Cobb 

Atmospheric  Physics  and  Chemistry  Laboratory 
National  Oceanic  and  Atmospheric  Administration 
Boulder,  Colorado  80303 


Submitted  to  the 

Workshop  on  Grounding  and  Lightning  Technology 
March  6-8,  1979  Melbourne,  Florida 


( 


tocedino  Page  blahc-not  pilmto 


A few  months  ago  I was  asked  to  supply  some  lightning  Information  to  the 
U.S.  Attorney's  Office  in  San  Francisco  for  their  use  in  defending  the 
United  States  and  the  National  Park  Service  in  the  upcoming  court  case, 
Brady  v.  U.  S.  Some  aspects  of  the  case  are  quite  interesting. 


Mr.  Brady  was  killed  by  lightning  in  August  1975  while  ascending  a stairway 
up  the  side  of  Moro  Rock,  a popular  tourist  attraction  in  Sequoia  National 
Park.  As  you  can  see  in  this  slide  the  rock  formation  does  look  rather 
attractive  for  lightning.  THe  Brady  heirs  allege  that  as  guests  of  the 
Park  they  were  not  properly  warned  of  the  lightning  danger  on  Moro  Rock. 


At  the  time  of  the  lightning  stroke  there  were  25  people  at  various  places 
along  the  walkway  from  the  parking  lot  to  the  top  of  Moro  Rock.  Brady  was 
about  half  way  to  the  top  under  a slight  rock  overhang  when  he  was  killed. 
The  coroner's  report  indicated  only  small  burn  marks  on  the  forehead  and 
left  foot  but  massive  internal  heart  damage.  One  man  at  the  summit  suffered 
a scull  fracture  and  is  permanently  disab!ed--hls  clothing  was  entirely 
blown  off.  Six  others  suffered  minor  injuries.  Let  me  show  you  a picture 
taken  at  the  summit  of  Moro  Rock  just  before  the  fatal  lightning  stroke. 
Ignorance  is  bliss,  as  these  smiling  faces  indicate.  I once  measured  an 
electric  field  of  80,000  V m"1  atop  a mountain  peak  in  Yellowstone  Park  and 
I can  assure  you  that  the  electric  field  at  the  time  these  pictures  were 
taken  was  at  least  that  high.  Of  course,  these  kids  were  very  foolish  to 
stand  there  like  lightning  rods,  waiting  for  disaster.  You  can  see  how  the 
lines  of  force  are  concentrated  around  their  heads  from  the  way  their  hair 
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stands  up.  And  yet,  the  man  who  was  killed  was  halfway  down  the  side  under 
a rock  ledge. 

The  U.S.  Attorney's  Office  asked  me  if  the  probability  of  lightning  striking 
a certain  location  could  be  determined,  in  this  case,  Moro  Rock.  Thunder- 
storms are  uncommon  in  California  with  an  average  of  A to  6 storms  per  year 
over  most  of  the  state  and  increasing  to  three  times  that  number  in  the 
High  Sierras.  Moro  Rock  at  6725  ft.  can  expect  about  12  storms  annually. 

Using  a formula  derived  by  Pierce  (EOS,  1968  Vol . ^9)  I calculated  that  a 
100  meter  square  area  on  top  of  Moro  Rock  could  expect  to  be  hit  by  lightning 
once  in  five  years.  There  are  many  higher  ridges  and  peaks  in  the  park  which 
have  a higher  probability  of  being  hit  by  lightning,  however,  they  do  not 
have  the  concentration  of  tourists  that  Moro  Rock  can  expect  on  a summer 
afternoon.  I made  fair-weather  electric  field  measurements  on  top  of  Moro 
Rock  and  at  the  parking  area  at  the  base  of  the  rock  in  order  to  determine 
the  field  enhancement  at  the  summit  and  found  a 7 percent  higher  field  on 
top  of  the  rock  formation.  The  difference  is  not  as  large  as  one  might 
expect  and  indicates  that  lightning  is  only  slightly  more  likely  to  hit 
the  top  of  the  rock  than  in  the  forested  terrain  around  the  base. 

It  is  doubtful  that  any  reasonable  measures,  other  than  staying  in  his  car, 
could  have  prevented  Mr.  Brady's  death.  My  concern,  however,  is  for  the  many 
lightning-caused  deaths  and  injuries  that  occur  annually  in  the  U.S.,  rather 
than  the  outcome  of  these  particular  court  preceedings.  As  you  probably 
know,  lightning  is  the  leading  cause  of  weather-related  fatalities  in  the  U.S. A., 
exceeding  flash  floods,  tornadoes  and  hurricanes.  Why?  I think  part  of 
the  reason  lies  in  the  general  attitude  that  lightning  fatalities  are  "an 
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act  of  God"  and  that  150  to  300  people  will  be  killed  each  year  regardless 
of  any  action  taken. 

In  an  attempt  to  reduce  lightning  fatalities  we  need  to  recognize  the 
fact  that  the  electric  field  is  a physical  quantity  for  which  we  have 
no  sense  organ  and  thus  people  who  seek  shelter  from  the  rain  will  stand 
on  top  of  a rock  in  extremely  high  fields  and  not  realize  the  danger  they 
are  exposed  to.  I have  often  thought  that  if  it  always  rained  where  lightning 
was  striking  the  ground,  not  many  people  would  be  killed. 

For  the  most  part,  lightning  protection  for  individuals  in  this  country 
consists  of  a set  of  safety  rules  published  in  National  Weather  Service 
brochures  and  occasionally  in  the  newspapers  following  a fatal  accident. 

While  this  workshop  is  more  concerned  with  lightning  technology  and  the 
protection  of  instruments  and  vehicles,  I can't  think  of  a better  place 
than  before  this  group  to  empahsize  the  need  for  a reliable,  relatively 
low  cost,  lightning  warning  device  which  might  save  the  lives  of  people 
such  as  the  tourists  on  Moro  Rock,  the  two  little  leagers  killed  last 
summer  near  my  home  in  Colorado,  or  the  young  lady  killed  on  Cocoa  Beach 
a few  years  ago  during  the  Internat ional  Thunderstorm  Research  Project. 

Certainly  there  are  research  institutions  and  scientific  companies  represented 
here  that  are  capable  of  designing  and  marketing  successful  lightning  warning 
devices  that  could  be  used  at  beaches,  golf  courses,  national  parks,  etc. 
across  the  country. 
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Iliis  report  w.is  relerenccd  in  J.  Anderson  I’lumer's  paper  "A  New 
Stand,  iril  for  Lightning  Qua  I i I i cat  ion  Testing  of  Aircraft",  page 
lii  id  1'AA-KP- 7<l-n  and  is  included  in  the  supplement  because  of 
the  interest  shown  in  the  document. 
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Tills  dociaaent  presents  tent  waveform  mnl  tech- 
niques for  slnulated  lightning  testing  of  aerospace 
vehicles  and  hardware.  The  waveforms  presented  are 
based  on  the  best  available  knowledge  of  the  natural 
lightning  environment  coupled  with  n practical  con- 
sideration of  state-of-the-art  laboratory  teclmlques. 
This  document  does  not  Include  design  criteria  nor 
does  It  specify  which  ltens  should  or  should  not  be 
tested . 

Tests  and  associated  procedures  described  here- 
in are  divided  Into  two  general  categories: 

o Qualification  testa 

o Engineering  tests 

Acceptable  levels  of  damage  and/or  pass-fail 
criteria  for  the  qualification  tests  nust  be  provided 
by  the  cognizant  regulatory  authority  for  each  parti- 
cular case. 

The  engineering  tests  provide  important  data 
that  nay  be  necessary  to  achieve  a quallfiable  design. 

The  tom  Aerospace  Vehicle  covers  a wide  variety 
of  svstens.  Including  fixed  wing  aircraft,  helicop- 
ters, nlsslles,  and  spacecraft.  In  addition,  natural 
lightning  is  a complex  and  variable  phenomenon  and 
Its  interaction  with  different  types  of  vehicles  nay 


bo  manifested  In  nany  different  ways.  It  Is  there- 
fore difficult  to  address  every  possible  situation  In 
detail.  However,  the  test  waveforms  described  herein 
represent  the  significant  aspects  of  the  natural  en- 
vironment and  are  therefore  independent  of  vehicle 
type  or  configuration.  The  recomended  test  techni- 
ques have  also  been  kept  general  to  cover  as  many 
test  situations  as  possible.  Some  unique  situations 
may  not  fit  into  the  general  guidelines;  in  such  In- 
stances, application  of  the  waveform  components  must 
be  tailored  to  the  specific  situation. 

The  test  waveforms  and  techniques  described 
herein  for  qualification  tests  simulate  the  effects 
of  a severe  lightning  strike  to  an  aerospace  vehicle. 
Where  It  lias  been  shown  that  test  conditions  can  af- 
fect results  of  the  test,  a specific  approach  is  re- 
comended as  a guideline  to  new  laboratories  and  for 
consistency  of  results  between  laboratories. 

It  Is  not  Intended  that  every  waveform  and  test 
described  herein  be  applied  to  every  system  requiring 
lightning  verification  tests.  The  document  is  written 
so  that  specific  aspects  of  the  envlroment  can  be 
called  out  for  each  specific  program  as  dictated  by 
the  vehicle  design,  performance,  and  mission  con- 
straints. 


2.0 


LIlNITNINO  STRIKE  PHENOMENA 


2.1  Natural  Lightning  Strike  Electrical  Cliaracterlstlcs 

Lightning  flashes  are  of  two  fundamentally  diff- 
erent forms,  clouJ-to-ground  flashes  and  inter/lntra- 
c loud  flashes.  because  of  the  difficulty  of  inter- 
cepting and  measuring  inter/intracloud  flashes  the 
great  bulk  of  the  statistical  data  on  the  character- 
istics of  lightning  refer  to  cloud-to-ground  flashes. 
Aerospace  vehicles  intercept  both  inter/intracloud 
and  cloud-to-ground  lightning  flashes  as  shown  in 
Figure  2-1.  There  is  evidence  that  the  inter/lntra- 
cloud  flashes  lack  the  high  peak  currents  of  cloud- 
to-pround  flashes.  Therefore,  the  use  of  cloud-to- 
ground  lightning  strike  characteristics  as  design 
criteria  for  lightning  protection  seems  conservative. 

There  can  be  discharges  from  either  a positive 
or  a negative  charge  center  in  the  cloud.  A nega- 
tive discliarge  is  characterized  by  several  inter- 
mittent strokes  and  continuing  currents  as  shown  in 
Figure  2-2 (A).  A positive  discharge,  which  occurs 
only  a snail  but  significant  percentage  of  the  time, 
in  shown  in  Figure  2-2 (H).  It  is  characterized  by 
bot  i higher  average  current  and  longer  duration  in  a 
single  stroke  and  must  be  recognized  because  of  its 
greater  energy  content.  The  following  discussion 
describes  the  more  common  negative  flashes. 

2.1.1  ~*restrlke  T'.iase 

The  lightning  flash  is  typically  originated  by 
a step  leader  which  develops  from  the  cloud  toward 
the  ground  or  towards  another  charge  center.  As  a 
lightning  step  leader  approaches  an  extremity  of  the 
vehicle,  high  electrical  fields  are  produced  at  the 
surface  of  the  vehicle.  These  electric  fields  give 
rise  to  other  electrical  streamers  which  propagate 
awa\  from  the  vehicle  until  one  of  then  contacts  the 
approacliin”  lightning  atep  leader  as  shown  on  Figure 
2-1.  Propagation  of  the  step  leader  will  continue 
fro-  ther  vehicle  extremities  until  one  of  the 
. ranches  'f  the  step  leader  reaches  the  ground  or  an- 
ther charge  center.  The  average  velocity  of  propa- 
pati  of  the  stop  leader  is  about  one  meter  per  nlc- 
n.  second  and  t ic  average  charge  in  the  whole  step 
loader  channel  is  about  5 coulombs. 

..1.2  hlpn  "eal.  lurrcnt  ’’base 

"he  High  peak  current  associated  with  lightning 
occur  s after  the  step  leader  reaches  the  ground  and 
r . . what  is  callec.  the  return  stroke  of  the  llght- 
nir,  ■ flash.  Tills  return  stroke  occurs  when  the 
■ In  the  leader  cliannel  la  suddenly  able  to  flow 

‘-■•ti  the  low  impedance  ground  and  neutralize  the 
tpc  attracted  Into  the  region  prior  to  the  step 
• liter's  contact  with  the  ground.  Typically,  the 
i peak  current  phase  is  called  the  return  stroke 
'oh  in  in  the  range  of  10  to  30  1_A  (amperes  x 1(K). 

1 .or  currents  are  possible  though  less  probable, 
peak  current  of  200  kA  represents  a very  severe 
stroke,  one  that  is  exceeded  only  about  0.5  percent 
f tue  tine.  '/bile  200  kg.  may  be  considered  a pract- 
ical maximal  value  of  lightning  current,  it  should  be 
-■■'han laud  that  in  rare  Canes  a larger  current  can  oc- 
-’ir.  'el  | able  measurements  are  few,  but  there  la 
cJreun  itantlal  evidence  that  peak  currents  can  exceed 
'•  1 i ..  "he  current  In  the  return  stroke  lias  a fast 
r if.<-  r,f  , hange,  typically  about  10  to  20  kA  per  ralcro- 


Fig.  2-1  Lightning  flash  striking  an  aircraft. 


second  and  exceeding,  in  rare  cases,  100  kA  per  micro- 
second. Typically  the  current  decays  to  half  Its  peak 
amplitude  in  20  to  40  psec.  No  correlation  has  been 
shown  to  exist  he tween  peak  current  and  rate  of  rise. 

2.1.3  Continuing  Current 

The  totel  cliarge  transported  by  the  lightning 
return  etroke  is  relatively  email,  a few  coulombs, 
ftiat  of  the  charge  is  transported  in  two  phases  of 
the  lightning  flash  following  the  first  return  stroke. 
These  are  an  intermediate  phase  in  which  currents  of 
a few  thousand  amperes  flow  for  times  of  n few  milli- 
seconds and  a continuing  current  phase  in  which  cur- 
rents of  the  order  of  200-400  amperos  flow  for  tines 
varying  fron  about  n tenth  of  a second  to  one  second. 
Tlie  maximum  charge  transferred  in  the  intermediate 
phane  is  about  10  coulombs  and  the  rinxlnum  charge 
transported  during  the  total  continuing  current  nhase 
is  about  200  coulombs. 


For  each  strokes 

Tino  to  peak  current  = 1.5  jis 
Time  to  Half  Value  = 40  ^is 


(A)  Severe  negative  liehtninp.  flash  current  waveform. 

(Co'irtesy  of  C'ianos  Pierre) 


( H ) Moderate  positive  liphtninp,  flash  current  waveform. 


" Inure  2-2 


Llphtninc  flash  current  waveforms 


2.1. A Restrlke  Phase 

In  a typical  lightning  flash  there  will  be  sev- 
eral high  current  strokes  following  the  first  return 
stroke.  These  occur  ut  Intervals  of  several  tens  of 
milliseconds  as  different  charge  pockets  in  the  cloud 
are  tapped  and  their  charge  fed  into  the  lightning 
cliannel.  Typically  the  peak  amplitude  of  the  re- 
strlkcs  is  about  one  half  that  of  the  initial  high 
current  peak,  but  the  rate  of  current  rise  is  often 
greater  than  that  of  the  first  return  stroke.  The 
continuing  current  often  links  these  various  success- 
ive return  strokes,  or  rostrlkes. 

2.2  Aerospace  Vehicle  Lightning  Strike  Phenomena 

2.2.1  Initial  Attachment 

Initially  the  lightning  flash  will  enter  and  exit 
the  aircraft  at  two  or  more  attachment  points.  There 
will  always  be  at  least  one  entrance  point  and  one  exit 
point.  It  is  not  possible  for  the  vehicle  to  store  the 
electrical  energy  of  the  lightning  flash  in  the  capaci- 
tive field  of  the  vehicle  and  so  avoid  an  exit  point. 
Typically  these  initial  attachment  points  are  at  the 
extrenities  of  the  vehicle.  These  Include  the  nose, 
wing  tips,  elevator  and  stabilizer  tips,  protruding 
antennas,  and  engine  pods  or  propeller  blades.  Light- 
ning can  also  attach  to  the  leading  edge  of  swept  wings 
and  sonc  control  surfaces. 

2.2.2  Swept  Stroke  Phenomenon 

The  lightning  channel  la  somewhat  stationary  in 
space  while  it  is  transferring  electrical  charge. 

When  a vehicle  is  involved  it  becomes  part  of  the 
cliannel.  However,  due  to  the  speed  of  the  vehicle 
and  the  length  of  time  that  the  lightning  channel  ex- 
ists, the  vehicle  can  move  relative  to  the  lightning 
cliannel.  When  a forward  extremity,  such  as  a nose 
or  wing  mounted  engine  pods  are  involved,  the  surface 


moves  through  the  lightning  channel.  Thus  the  light- 
ning cliannel  appears  to  sweep  back  over  the  surface 
as  illustrated  in  Figure  2-1.  This  is  known  as  the 
swept  stroke  phenomenon.  As  the  sweeping  action  oc- 
curs, the  type  of  surface  can  cause  the  lightning 
cliannel  attach  point  to  dwell  at  various  surface  lo- 
cations for  different  periods  of  tine,  resulting  in 
a skipping  action  which  produces  a series  of  dis- 
crete attachment  points  along  the  sweeping  path. 

The  amount  of  damage  produced  at  any  point  on 
the  aircraft  by  a swept-stroke  depends  upon  the  type 
of  naterial.  the  arc  dwell  time  at  that  point,  and 
the  lightning  currents  which  flow  during  the  attach- 
ment. Both  high  peak  current  restrlkes  with  inter- 
mediate current  components  and  continuing  currents 
may  be  experienced.  Restrlkes  typically  produce  re- 
attachment of  the  arc  at  a new  point. 

When  the  lightning  arc  has  been  swept  back  to 
one  of  the  trailing  edges  it  may  remain  attached  at 
that  point  for  the  remaining  duration  of  the  light- 
ning flash.  An  initial  exit  point,  if  it  occurs  at 
a trailing  edge,  of  course,  would  not  be  subjected 
to  any  swept  stroke  action. 

The  significance  of  the  swept  stroke  phenomenon 
is  that  portions  of  the  vehicle  that  would  not  be 
targets  for  the  initial  entry  and  exit  point  of  a 
lightning  flash  may  also  be  Involved  in  the  light- 
ning flash  process  as  the  flash  is  swept  backwards 
across  the  vehicle. 

2.2.3  Lightning  Attachment  Zones 

Aircraft  surfaces  can  then  be  divided  into  three 
zones,  with  each  zone  having  different  lightning  at- 
tachment and/or  transfer  characteristics.  These  are 
defined  as  follows: 

Zone  1:  Surfaces  of  the  vehicle  for  which  there 

la  a high  probability  of  initial  lightning  flash 

attachment  (entry  or  exit). 


rl 
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Figure  2-3  Swept  stroke  phenomenon 


’one  Surfaces  of  the  vehicle  across  which 
there  ia  a high  probability  of  a lightning  flash 
bciriK  swept  by  the  airflow  fron  a ’one  1 point 
of  initial  flash  attachnent. 

’.one  1 : ’one  1 includes  all  of  the  vehicle 
areas  other  than  those  covered  by  Eonc  1 and 
Eone  2 regions.  In  Zone  1 there  la  a low  prob- 
ability of  any  attachnent  of  the  direct  light- 
ning flash  arc.  ’one  3 areas  nay  carry  sub- 
stantlal  .mounts  of  electrical  current  hut  only 
by  Jirect  conduction  between  .none  pair  of  dir- 
ect or  swept  stroke  attac'inent  points. 

Zones  1 and  2 nay  be  further  divided  into  A and 
3 regions  depending  on  the  probability  that  the  flash 
will  hang  on  for  any  protracted  period  of  tine.  An  A 
tvpe  region  is  one  In  which  there  is  low  probability 
that  the  arc  will  renain  attached  and  a b type  region 
is  one  in  which  there  is  a high  probability  that  the 
arc  will  renain  attached.  Rone  examples  of  zones  arc 
as  follows: 

Zone  1A:  Initial  attaenment  point  with  low  prob- 
ability of  flash  hang-on,  such  as  a leading  edge. 

Zone  13:  Initial  attachnent  point  with  high  prob- 
ability of  flash  hang-on,  such  as  a trailing  edge. 

Zone  2A:  A swept  stroke  zone  with  low  probabil- 
ity of  flash  hang-on,  such  as  a wing  mid-span. 

Zone  2D:  A swept  stroke  zone  with  high  proba- 
bility of  flash  hang-on,  such  a3  a wing  inboard 
trailing  edge. 

2. 3  Aerospace  Vehicle  Lightning  Effects  Phenomena 

The  lightning  effects  to  which  aerospace  vehi- 
cles are  exposed  and  the  effects  which  should  be  re- 
produced through  laboratory  testing  with  simulated 
lightning  waveforms  can  be  divided  into  DIRECT  EF- 
FECTS and  I'. IDIRECT  EFFECTS.  The  direct  effects  of 
lightning  are  the  burning,  eroding,  blasting,  and 
structural  deformation  caused  by  lightning  arc  at- 
tachment, as  well  as  the  high-pressure  shock  waves 
and  magnetic  forces  produced  by  the  associated  high 
currents,  "he  indirect  effects  are  prednmlnatl v 
those  resultin'-*  from  the  interaction  of  the  elortro- 
ma-netir  fields  accompanying  lightning  with  eleetical 
apparatus  in  the  aircraft.  Hazardous  indirect  effects 
could  in  principle  be  produced  by  a lightning  flash 
that  did  not  directly  contact  the  aircraft  and  honce 
was  not  capable  of  producing  the  direct  effects  of 
burning  and  blasting.  However,  it  is  currently  be- 
lieved tlmt  most  indirect  effects  of  importance  will 
be  associated  with  a direct  lightning  flash.  In  some 
cases  both  direct  and  indirect  effects  nay  occur  to 
tue  same  component  of  the  aircraft.  An  exanple  would 
he  a lightning  flash  to  an  antenna  which  physically 
damages  the  antenna  and  also  sends  damaging  voltages 
into  the  transmitter  or  receiver  connected  to  that 
antenna.  In  this  document  the  physical  damage  to  the 
antenna  *.111  ’>•  discussed  as  a direct  effect  and  the 
voltages  or  currents  coupled  from  the  antenna  into 
the  co-rrinlcatlons  equipment  will  be  treated  as  an 
Indirect  effect. 


2.3.1  Direct  Effects 

The  nature  of  the  particular  direct  effects  as- 
sociated with  any  tlghtnlng  flash  depends  upon  the 
structural  component  involved  and  the  particular 
phase  of  the  lightning  current  transfer  discussed 
earlier. 

2. 3. 1.1  Burning  and  Eroding 

The  continuing  current  phase  of  a lightning 
stroke  can  cause  severe  burning  and  eroding  damage 
to  vehicle  structures.  The  nost  severe  damage  oc- 
curs when  the  lightning  channel  dwells  or  hangs  on 
at  one  point  on  the  vehicle  for  the  entire  period  of 
the  lightning  flash,  such  as  in  Zone  111.  This  can 
result  in  holes  of  up  to  a few  centimeters  in  dia- 
meter on  the  aircraft  skin. 

2 . _> . 1 . 2 Vaporization  Pressure 

ihe  high  peak  current  pliase  of  the  lightning 
flash  transfers  a large  amount  of  energy  in  a snort 
period  of  tine,  a few  tens  of  microseconds.  This 
energy  transfer  can  result  in  a fast  thermal  vaporiza- 
tion of  material.  If  this  occurs  in  a confined  area 
such  as  a radomc,  a high  pressure  may  be  created 
which  nav  be  of  sufficient  magnitude  to  cause 
structural  damage.  The  vaporization  of  metal  and 
other  materials  and  the  heating  of  the  air  inside 
the  radome,  create  the  higli  internal  pressure  that 
leads  to  structural  failure.  In  some  instnntces 
lntire  radomes  have  been  hlown  from  the  aircraft. 

2.3.1. 3 [lagnetlc  Force 

During  the  high  peak  current  pliase  of  the  light- 
ning flash  the  flow  of  current  through  sharp  bends 
or  corners  of  the  aircraft  structure  can  cause  ex- 
tensive magnetic  flux  interaction.  In  certain  cases, 
the  resultant  nagnetic  forces  can  twist,  rip,  dis- 
tort, and  tear  structures  away  from  rivets,  screws, 
and  other  fasteners.  These  nagnetic  forces  are  pro- 
portional to  the  square  of  the  nagnetic  field  inten- 
sity and  thus  are  proportional  to  the  square  of  the 
lightning  current.  The  damage  produced  is  related 
both  to  the  magnetic  force  and  to  the  reaponae  tine 
of  the  system. 

2. 3. 1.4  Fire  and  Explosion 

Fuel  vapors  and  other  combustibles  may  be  ig- 
nited in  several  ways  by  a lightning  flash.  During 
the  prestrike  phase  high  "lectrlcal  stresses  around 
the  vehicle  produce  streamers  fron  the  aircraft  ex- 
tremities. The  design  and  location  of  fuel  vents 
determine  their  susceptibility  to  streamer  condl- 
tiona.  If  streamers  occur  from  a fuel  vent  in  which 
flammable  fuel-air  mixtures  are  present,  ignition 
may  occur.  If  this  ignition  la  not  arrested,  flames 
can  propagate  into  the  fuel  tank  area  and  cause  a 
major  fuel  explosion. 


67- 


The  flow  of  lightning  current  through  vehicle 
structures  can  cause  sparking  at  poorly  bonded  struc- 
ture interfaces  or  Joints.  If  such  sparking  occurn 
where  combustibles  such  as  fuel  vapors  are  located, 
ignition  nay  occur. 

Lightning  attaching  to  an  Integral  tank  skin 
nay  puncture,  burn  holes  in  the  tank,  or  heat  the 
insiJe  surface  sufficiently  to  ignite  any  flammable 
vapors  present. 

2 . 3 . 1 . 5 Acoustic  Shock 

The  air  channel  through  which  the  lightning 
flash  propagates  is  nearly  instantaneously  heated 
to  a very  high  temperature.  'Jhen  the  resulting  shock 
wave  lnpinges  upon  a surface  it  nay  produce  a de- 
structive overpressure  anJ  cause  mechanical  damage. 

2.1.2  Indirect  effects 

Damage  or  upaet  of  electrical  equipment  by  cur- 
rents or  voltages  Is  defined  as  an  Indirect  effect. 

In  this  document  such  damage  or  upset  is  defined  as 
an  indirect  effect  even  though  such  currents  or  volt- 
ages nay  arise  as  a result  of  a direct  lightning 
flash  attachment  to  a piece  of  external  electrical 
hardware.  An  example  would  he  a wing-tip  navigation 
light.  If  lightning  shatters  the  protective  glass 
covering  or  hums  through  the  netallic  housing  and 
contacts  the  filar.ent  of  the  bulb,  current  can  he 
injected  into  the  electrical  wires  running  from  the 
bulb  to  the  power  supply  bus.  This  current  nav  burn 
or  vaporize  the  wires.  The  associated  voltage  surge 
nay  cause  breakdown  of  Insulation  or  damage  to  other 
electrical  equipment. 

Even  If  the  lightning  flash  does  not  contact  wir- 
ing Directly,  It  will  set  up  changing  electromagnetic 
fields  around  the  vehicle,  "lie  netallic  structure 
ef  the  vehicle  loes  not  provide  n perfect  Taraday 
age  electromagnetic  shield  and  therefore  none  elec- 
tromagnetic fields  can  enter  the  vehicle,  either  by 


diffusion  through  netallic  skins  or  direct  penetra- 
tion through  apertures  such  as  skin  Joints  and  win- 
dows or  other  nonnetalllc  sections.  If  the  fields 
are  changing  with  respect  to  time  and  link  electri- 
cal '•lrcuits  inside  the  vehicle,  they  will  Induce 
transient  voltages  and  currents  Into  these  circuits. 
These  voltages  may  be  liazardoua  to  avionic  and  elec- 
trical equipment,  as  well  as  a source  of  fuel  Igni- 
tion. 

Voltages  and  currents  may  also  be  produced  by 
the  flow  of  lightning  current  through  the  resistance 
of  the  aircraft  structure. 

2.3.3  Effects  on  Personnel 

fine  of  the  nost  troublesome  effects  on  personnel 
is  flash  blindness.  This  often  occurs  to  flight  crew 
member (s)  who  nay  be  looking  out  of  the  vehicle  In 
the  direction  of  the  lightning  flash.  The  resulting 
flash  blindness  nay  persist  for  periods  of  3f>  seconds 
or  nore,  rendering  the  crew  nenber  temporarily  unable 
to  use  Ills  eyes  for  flight  or  instrument-reading 
purposes. 

Personnel  Inside  vehicles  nay  also  be  subjected 
to  liazardous  effects  fron  lightning  strikes.  Serious 
electrical  shock  nay  be  caused  by  currents  and  volt- 
ages, conducted  via  control  cables  or  wiring  leading 
to  the  cockpit  fron  control  surfaces  or  other  hard- 
ware struck  by  lightning.  S!iock  can  also  he  Induced 
by  the  Intense  thunderstorm  electromagnetic  fields. 

The  shock  varies  from  nild  to  serious;  suffi- 
cient to  cause  nunhness  of  hands  or  feet  and  sone 
disorientation  or  confusion.  This  can  be  quite  !mz- 
ardous  In  high-performance  aircraft,  particularly 
under  the  thunderstorm  conditions  during  which  light- 
ning strikes  generally  occur. 

Tests  to  evaluate  these  personnel  effects  are 
not  Included  In  this  document. 
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i.o  '-rmiti'  i.T<DrrjTNr  PARAitrTFn  ormijiTTON 
’.1  I*  iri  one 

lonplete  natural  lightning  flashes  cannot  lie  du- 
plicated In  the  laboratory,  liust  of  tbo  voltage  and 
current  character lstlcs  of  lightning,  liowever,  can  be 
duplicated  separately  bv  laboratory  generators.  ~hesc 
cluracter titles  are  of  two  broad  categories:  The 
VilLTAflKS  >ro<luce<l  during  the  lightning  flash  and  the 
"TirriTS  that  flow  In  the  completed  lightning  channel. 
"1th  a few  exception*,  it  la  not  necessary  to  simu- 
late high-voltage  and  high-current  characteristics 
together. 

The  hlgli-voltage  characteristics  of  lightning 
determine  attaclment  points,  breakdown  paths,  and 
streamer  e'fects,  whereas  the  current  characteristics 
determine  direct  and  Indirect  effects. 

In  most  cases,  lightning  voltages  are  simulated 
bv  hlgh-lnpedance  voltage  generators  operating  into 
high-impedance  loads,  while  lightning  currents  ire 
simulated  by  low- Impedance  current  generators  ojierat- 
ing  Into  low- Impedance  loads. 

The  waveforms  described  In  this  section  are  ide- 
alized. Definitions  relating  to  actual  waveshapes 
are  covered  In  ANfl  and  IFFT  Standard  Techniques  for 
Dielectric  Tests.  ANSI  ~6fl.l  (1968)  and  IEHS  No.  4. 
These  specifications  are  equivalent  and  are  in  turn 
equivalent  to  1’lgh  Voltage  Test  Techniques.  IEC  60-2 
(1973).  The  definitions  In  these  docunents  should 
be  used  to  determine  the  front  time,  duration  and 
rate  of  rise  of  actual  waveforms. 

g.,vera  llg.htnlng  flash  voltage  and  current  wave- 
forms, as  described  lr.  Paragraph  3.2  liave  been  de- 
veloped for  purposes  of  qualification  testing:  wave- 
forms In  Paragraph  3.3  are  for  3&D  or  screening  test 
purposes  and  are  designated  engineering  tests. 


Waveform  Description;)  for  ilualif  lcation  Tests 


3.2.1  Voltage  Waveforms 

The  basic  voltage  waveform  to  which  vehicles  are 
subjected  la  one  tliat  rises  until  breakdown  occurs 
either  liy  puncture  of  solid  Insulation  or  flashover 
through  the  air  or  across  an  Insulating  surface.  'Die 
path  tlrnt  the  flashover  takes,  cither  puncture  or  sur- 
face flashover,  depends  on  the  rate  of  rise  of  the 
voltage  as  shown  in  Figure  3-1. 

.luring  some  types  of  testing  It  Is  necessary  to 
determine  the  critical  voltage  amplitude  at  which 
breakdown  occurs.  This  critical  voltage  level  de- 
pends upon  both  the  rate  of  rise  of  voltage  and  the 
rate  of  voltage  decay.  Two  examples  are  (1)  deter- 
mining the  strength  of  the  Insulation  used  on  electri- 
cal wiring  and  (2)  determining  the  points  fron  which 
electrical  streamers  occur  on  a vehicle  as  a lightning 
flash  approaches. 

Although  the  exact  voltage  waveform  produced  by 
natural  lightning  Is  not  known,  flight  service  data 
and  conservative  test  philosophy  Justify  the  defini- 
tion of  fast  rising  voltage  waveforms  for  the  tests 
Just  described.  Voltage  testing  for  qualification 
purposes  thus  calls  for  two  different  standard  volt- 
age waveforms.  These  are  shown  in  Figure  3-2  and  are 
described  In  the  following  sections,  "he  qualifica- 
tion teats  In  which  these  waveforms  are  applied  are 
presented  In  the  tost  metrix  of  Table  1.  The  objec- 
tives of  each  test,  the  t°st.  setup,  measurement  and 
data  requirements  ar°  described  ir  Section  4.0. 


Voltage  waveforms  that  would 
.occur  If  puncture  or  flash- 
over  did  not  occur 


A fast  rate  of  voltaRC  rise 
leads  to  puncture  at  '’2 

A slower  rate  of  voltage  rise 
leads  to  flashover  at  VI 

Time  lag  curve  for 
tincture  of  solid  insulation 

ime  lag  curve  for  f 1 ash- 
over  through  air 


i I. .ire  i-1  Influence  of  rate  of  rise  on  flashover  oath 
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3.2.1. 1 Voltage  Waveform  A - Haste  Lightning 
Waveform 

This  waveform  rises  at  a rate  of  1000  UV  per 
microsecond  (+50T)  until  Its  Increase  Is  Interrupted 
hy  puncture  of,  or  flashover  across,  the  object  under 
tost.  At  that  time  the  voltage  collapses  to  zero. 

The  rate  of  voltage  collapse  or  the  decay  time  of  the 
voltage  If  breakdown  does  not  occur  (open  circuit 
voltage  of  the  lightning  voltage  generator)  Is  not 
specified.  Voltage  waveform  A Is  shown  In  Figure 
3-2. 

3. 2. 1.2  Voltage  Waveform  B - Full  Wave 

Waveform  B Is  a 1.2  x 30  microsecond  waveform 
which  Is  the  electrical  Industry  standard  for  lcipulse 
dielectric  tests.  It  rises  to  crest  In  1.2  (+20") 
microseconds  and  decays  to  half  of  crest  amplitude 
in  50  (+20T)  microseconds.  Time  to  crest  and  decay 
tine  refer  to  the  open  circuit  voltage  of  the  light- 
ning voltage  generator,  and  assune  that  the  wave- 
form Is  not  United  by  puncture  or  flashover  of  the 
ohject  under  test.  This  waveform  Is  shown  on  Fig- 
ure 3-2. 

3.2.2  current  Waveforms 

It  is  difficult  to  reproduce  a severe  lightning 
flash  hy  laboratory  simulation  because  of  Inherent 
facility  limitations.  Accordingly,  for  determining 
the  effects  of  lightning  currents  and  for  laboratory 
qualification  testing  of  vehicle  luirdvare,  an  ideal- 
ized representation  of  the  components  of  a severe 
lightning  flash  Incorporating  the  important  aspects 
of  both  positive  and  negative  flashes  lias  been  de- 
fined and  Is  shown  on  Figure  3-3. 

For  qualification  testing,  there  are  four  com- 
ponents, A,  !5,  C,  and  D,  used  for  determination  of 
direct  effects  and  test  waveform  C used  for  deter- 
mination of  indirect  effects.  Components  A,  B,  C, 
and  'J  each  simulate  a different  characteristic  of  the 
current  In  a natural  lightning  flash  and  arc  shown  on 
Figure  3-3.  ~hey  are  applied  Individually  or  as  a 
composite  of  two  or  more  components  together  In  one 
test.  Tiere  are  very  few  cases  In  which  all  four  com- 
ponents -ust  he  applied  In  one  test  on  the  sane  test 
object.  Rise  tine  or  rate  of  change  of  current  lias 
little  effect  on  physical  damage,  and  accordingly  lia9 
not  Seen  specified  In  these  components.  Current  wave- 
form F.,  also  shown  on  Figure  3-3,  Is  Intended  to  deter- 
mine Indirect  effects.  When  evaluating  Indirect  ef- 
fects, rate  of  change  of  current  Is  important  and  Is 
specif  led. 


Tire  tests  In  which  these  waveforms  are  applied 
are  presented  In  Table  1.  The  objectives  of  each  test 
along  with  setup,  measurement,  and  data  requirements 
are  described  In  Section  4.0. 

3. 2. 2.1  Component  A - Initial  High  Teak  Current 

This  component  simulates  the  first  return  stroke 
and  Is  characterized  by  a peak  amplitude  of  20Q  kA 
(+10Z)  and  an  action  Integral  (ffdt)  of  2 x 10° 
amp  -seconds  (+20*)  with  a total  time  duration  not 
exceeding  500  microseconds. 

The  actual  waveshape  of  this  component  Is  pur- 
posely left  undefined,  because  In  laboratory  simula- 
tion the  waveshape  la  strongly  Influenced  by  the  type 
of  surge  generator  used  and  the  characteristics  of 
the  device  under  test.  Natural  lightning  currents 
are  unidirectional,  but  for  laboratory  simulation 
this  component  nay  be  either  unidirectional  or  os- 
cillatory. 

3. 2. 2. 2 Component  B - Intermediate  Current 

This  component  simulates  the  Intermediate  phase 
of  a lightning  flash  In  which  currents  of  several 
thousand  amperes  flow  for  tines  on  the  order  of  sev- 
eral milliseconds.  It  is  chsracterlzed  by  a current 
surge  with  sn  average  current  of  2 kA  (+10*)  flowlnR 
for  a maximum  duration  of  5 milliseconds  and  a maxi- 
mum charge  transfer  of  10  coulombs.  The  waveform 
should  be  unidirectional,  e.g.  rectangular,  exponen- 
tial or  linearly  decaying. 

3. 2. 2. 3 Component  C - Continuing  Current 

Component  0 simulates  the  continuing  current  that 
flows  during  the  lightning  flash  and  transfers  nost 
of  the  electrical  cliarge.  Tills  conponent  must  trans- 
fer a charge  of  200  coulombs  (+20T)  in  a tine  of  be- 
tween 0.25  and  1 second.  This  Implies  current  ampli- 
tudes of  between  200  and  800  amperes.  The  waveform 
should  be  unidirectional,  e.g.  rectangular,  exponen- 
tial or  linearly  decaying. 

3. 2. 2.4  Conponent  1)  - Kestrlke  Current 

Component  D simulates  a subsequent  high  peal, 
current.  It  is  characterized  by  a peak  amplltuC.  ^ ‘ 
100  kA  (+10T)  and  an  action  Integral  of  0,25  s 1 ' 
anpere‘-second  (+201) . 


3.2. 2. 5 Current  '.’uveform  H - Fast  F.ute  of  RIbc 
0t  roke  .i-s t for  Full-Size  Hardware 


Current  waveform  H simulates  a full-scale  fast 
rate  of  rise  stroke  for  testing  vehicle  linrdwnre 
which  at  full  scale  would  be  200  LA  at  100  kA/ps. 

"he  peal,  amplitude  of  the  derivative  of  this  uavefom 
nuat  be  at  least  2*)  UA  per  microsecond  for  at  leant 
i’.  ■ microsecond,  as  shown  In  Figure  1-1.  Current 
' ivofom  " has  a niniraun  amplitude  of  50  l_\ . An  amp- 
litude of  50  kA  Is  used  to  enable  testing  of  typical 
aircraft  conponents  with  conventional  laboratory  light- 
ning current  generators,  “he  action  Integral,  fall 
tine,  and  the  rate  of  fall  are  not  specified.  If  de- 
sired and  feasible,  components  A or  T tvay  be  applied 
with  a 25  kA  per  microsecond  rate  of  rise  for  at  least 
0.5  microsecond  and  the  direct  and  indirect  effects 
evaluation  conducted  simultaneously. 

1.1  '.'aveforn  Descriptions  for  Engineering  Tests 

1.1.1  Purpose 

Lightning  voltage  and  current  wavefoms  describ- 
ed in  t.'ie  following  paragraphs  have  been  developed 
for  engineering  design  and  analysis. 

“ho  tests  In  which  these  v/avefoms  are  applied 
are  presented  In  “able  2.  The  objectives  of  eacli  test, 
along  with  setup,  measurement  and  data  requirements 
are  described  in  Section  4.0. 


model  attach  polnta  tests  in  the  15.5.  Slow  front  wave- 
forms (on  the  ordar  of  hundreds  of  microseconds)  pro- 
duce a greater  spread  of  attach  points,  possibly  In- 
cluding attachments  to  low  field  regions.  Therefore 
the  test  data  nust  he  analyzed  hy  appropriate  statis- 
tical methods  in  defining  7.onc  1 regions. 

Two  high  voltage  waveforms  are  described  in  the 
following  paragraphs  and  shown  on  Figure  1-4.  The 
first  la  a faet  waveform  which  la  to  be  used  for  what 
will  be  termed  "fast  front  model  teats."  The  second 
waveform  is  a alow  rising  waveform  which  will  he  em- 
ployed for  "slow  front  model  tests." 

1.3. 2.1  Voltage  Waveform  C - Fast  Front  Model  Teats 

Tills  is  a chopped  voltage  waveform  in  which  flash- 
over  of  the  gap  between  the  model  under  teat  and  the 
test  electrodes  occura  at  2 microseconds  (+507). 

The  amplitude  of  the  voltage  at  time  of  flashover 
and  the  rate  of  rise  of  voltage  prior  to  breakdown 
are  not  spacifiad.  The  waveform  is  shown  on  Figure 
1.4. 

1.3. 2. 2 Voltage  '.'av^foir.  h - Slow  Front  Model  Teats 

The  slow  fronted  waveform  has  a rise  time  between 
50  and  250  microseconds  so  as  to  allow  time  for  stream- 
ers from  the  model  to  develop.  It  should  give  a higher 
strike  rate  to  tin  low  probability  regions  than  other- 
wise might  hav  o\pected. 


3.3.2  "oltage  "avefoms 


3.3.3  Current 


Turing  tests  on  model  vehicles  to  detemlne  pos- 
sible attachment  points  the  length  of  gap  used  be- 
tween the  electrode  simulating  the  approaching  leader 
and  the  vehicle  depends  upon  the  model  scale  factor. 
Turing  surh  tests  it  Is  desirable  to  allow  the  stream- 
ers from  the  model  sufficient  time  to  develop. 
AccorJinglv,  for  model  tests  it  is  necessary  to  stand- 
ardize the  time  at  which  breakdown  occurs,  even  though 
the  rate  of  rise  of  voltage  is  different  for  different 
tests. 


It  has  been  determined  in  laboratory  testing  that 
t:ic  results  of  ottaclinent  point  testing  are  influenced 
bv  Cite  voltage  waveform.  Fast  rising  waveforms  (on 
the  order  of  a few  ulcrosecond9)  produce  a relatively 
few  nur.Lcr  of  attach  points,  usually  to  the  apparent 
high  field  regions  on  the  model  and  all  such  attach 
points  nre  classified  as  Zone  1.  Fast  rising  wave- 
forms have  been  used  for  practically  all  aircraft 


Current  wav  ..opponents  r and  G,  shown  on 

Figure  3-5,  are  e-  led  to  determine  Indirect  effects 
on  very  large  haru  are  and  full  size  vehicles,  “hese 
waveforms  are  specified  at  reduced  amplitudes  to  over- 
come inherent  full  vehicle  teat  circuit  limitations 
and  also  to  allow  testing  at  non-destructive  levels  to 
be  made  on  operational  vehicles  at  nondestructive 
levels.  Scaling  will  depend  on  the  nature  of  the  coup- 
ling process  as  detailed  In  the  following  paragraphs. 

3. 3.3.1  Test  l.'aveform  F - Reduced  Anplltude 
'.'nldlrectlonal  Javefom 

Component  F simulates,  at  a low  current  level, 
both  the  rise  tine  and  decay  time  of  the  return  Mro'  . 
current  peak  of  the  lightning  flash.  It  has  a rise 
time  of  2 microseconds  (+207),  a decay  time  to  ..a.‘ 
anplltude  of  50  microseconds  £207)  and  a minimum 
anplltude  of  250  amperes.  Indirect  effects  measure- 
ments made  with  this  component  must  be  extrapolated 
to  the  full  lightning  current  anplltude  of  200  kA. 


r 1 


0.3. 3. 2 -Vac  Waveforms  and  - Damped  Oscillatory 
Wave forma 


Fnat  rate  of  rise  current  waveforms  and  higher 
amplitude  waveforms  nay  often  be  uaefully  enployed  for 
Indirect  effects  testing.  Tor  Indirect  effects  de- 
pendent upon  resistive  or  diffusion  flux  effects  (l.o. 
not  aperture  coupling)  a low  frequency  oscillatory 
current  - waveform  G,,  In  which  the  period  (1/f)  la 
long  compared  with  the  diffusion  time,  should  be  used. 
This  requires  a frequency,  f,  of  2.5  kilohertz  or 
lower  (l.e.  the  duration  of  each  half-cycle  Is  equal 
to  or  greater  than  200  /is).  Where  resistive  or  diff- 
usion effects  are  measured,  the  scaling  should  be  in 
terms  of  the  peak  current,  with  full  sc Ale  being  200  kA. 

For  Indirect  effects  dependent  upon  aperture 
coupling  the  high  frequency  current,  waveform  G^ 
should  be  used.  The  maximum  frequency  of  waveform  G, 
should  be  r.o  higher  than  approximately  300  Ithx  or  1/10 
of  t'le  lowest  natural  resonant  frequency  of  the  air- 
craft/return circuit,  whichever  Is  lower,  '/here  aper- 
ture-coupled effects  are  measured  the  scaling  3hould 
be  in  terns  of  rate-of-rise  (dl/dt),  with  full  scale 
being  100  kA//js. 

'"hen  testing  composite  structures  with  waveform 
0.,,  resistive  and  diffusion  flux  Induced  voltages  may 
occur  as  '/ell  as  aperture  coupled  voltages,  and  re- 
sults should  be  scaled  both  to  200  kA  and  to  100  YA/fia. 


Current  (Sot  to  Scale) 


VOLT ACT 
WAVEFORM 
A 


VOLTAC.F. 
WAV  F.  FORM 

R 


1 


Tine  (Not  to  Scale) 


Figure  1-2  Idealized  IliRh-voltaRe  test  waveforms 
for  qualification  testlnR. 


CURRENT  COMPONENT  A 
(Initial  Stroke) 

Peal  anplltude  ■■  200kA  + 
Action  Integral  * 2xl0,'A^ 
seconds  +•  20  current 
Tine  'll i r a t Ion  < 500ps 


Definition  of  rate  of  rise  require- 
ment of  teat  waveform  E. 


in-. 


CURRENT  COMPONENT  B 

(Intermediate  Current) 
Maximum  Charqe  Transfer* 
Averqae  .Anplltude*  2kA  + 


10  Coulombs 

10?. 


CURRENT  COMPONENT  D 
(Restrike) 

Peak  amplitude*  lOOkA  + ^0% 
Action  Integral*  0.25x10  A 
seconds  + 20?. 

Time  Durst  Ion  < 500ps 


Current 
Rate  of  Rise 


URRENT  COMFOENT  C 
(Contlnulnr  Current) 
Charge  transfer  * 

200  Coulombs  + 20% 
Anplltude  * 200-  800A. 


r 


•S  5x10" 1 sec  — e|*-0.25  sec  * T » 1 sec. 
Time  (Not  to  Scale) 


CURRENT  WAVEFORM  F. 

Peak  amplitude  2 50  kA 
Rate  of  Rise  2 25  kA/ua 
for  at  leaat  0.5  ps. 


Figure  3-1  Idealized  current  teat  waveform  components 
for  qualification  teatlnR. 
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Flruro  VS  tde.il  lied  current  waveforms  for  enRlneorlnR  test 
Peak  annlttudes  are  not  the  same.) 


Table  1 


Application  of  Waveforms  for  Qualification  Tests 

Voltage  Teat  Technique 

rest  Zone  Waveforns  Current  Waveforms/Components  Para.  No. 

A R T>  A H C D E 

Pull  size  liardware 


attachment  point 

1 A,  11  X X 

4.1.1 

Direct  effects  - 
structural 

1A 

X X 

4.1.2. 

4. 1.2. 2.) 

II 

IB 

XXX 

X 

4.1.2. 

4. 1.2. 2.; 

II 

2A 

X X 

X 

4.1.2, 

4. 1.2. 2.' 

II 

20 

X X 

X 

4.1.2. 

4.1. 2.2.‘ 

•• 

3 

X X 

4.1.2, 

4. 1.2. 2.: 

Direct  effects  - 
combustible  vapor 
ignition 

Same  current  components  as  for  structural  tests 

4.1.3 

Direct  effects  - 
streamers 

X 

4.1.4 

Indirect  effects  - 
external  electrical 
hardware 

X3 

4.1.5 

;ote  1.  ' si-  average  current  of  2 PA  + ! IS  for  a dwell  tine  less  than 

■ nil  lismmils  measured  In  Test  A. 2. 2 up  to  a naxinun  of  S 
n i l 1 1 seconds 

•ote  2.  ' se  average  current  of  400  anp  for  dwell  tine  in  excess  of  5 

nsec  as  deterntncd  enplneerinc  tests. 

•ote  <.  Indirect  effects  shoud  also  be  measured  with  current  conponents 
\,  '1,  I)  as  appropriate  to  the  test  zone 

Note  4.  The  appropriate  fraction  of  component  "C" 

expected  for  the  location  and  surface  finish. 


Table  2 


Application  of  Waveforms  for  Engineering  Tests 


Test 

Zone 

Voltage 

Waveforms 

C D 

Current  Waveforms/Components 

C E F CL  G2 

Test  Technique 
Par a.  No. 

llodel  aircraft 
lightning  attachment 
point  test 

Fast  front 

Slow  front 

X 

X 

4.2.1 

4.2.1 

Full  size  hardware 
attachment  test 

2A 

X X 

4.2.2 

Indirect  effects  - 
complete 

X or  X ♦ 

X 

4.2.3 
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a.o  rnsT  Tr.ciciiQims 


Tlie  slnulated  lightning  waveforms  and  components 
to  lie  use.!  for  qualification  testing  are  presented  In 
T.ilile  1.  TIiIb  table  gives  the  current  components  that 
will  flow  through  an  aircraft  structure  or  spcclnen  In 
eacti  cone.  In  some  cases,  however,  not  all  of  the 
current  components  specified  In  the  table  will  contri- 
bute significantly  to  the  failure  mechanism.  There- 
fore, In  principle,  the  non-contributing  conponent(s) 
can  he  omitted  from  the  test.  If  components  are  to 
he  omitted  from  a test  for  this  reason,  the  proposed 
test  plan  should  be  agreed  upon  with  the  cognizant 
regulatory  authority. 

Table  2 presents  waveforms  suggested  for  engin- 
eering tests.  The  objective  of  each  qualification  or 
engineering  test,  setup  and  measurement  details  and 
data  requirements  are  described  in  the  following  para- 
graphs. 

4.1  Qualification  Tests 

A. 1.1  Tull  Size  Hardware  Attachment  Point  Tests  - 
Tone  1 


A. 1.1.1  Objective 

This  attachment  point  test  will  be  conducted  on 
full  size  structures  that  include  dielectric  surfaces 
to  determine  the  detailed  attachment  points  on  the  ex- 
ternal surface,  and  If  the  surface  Is  nonraetallic,  the 
patli  taken  by  the  lightning  arc  in  reaching  a netalllc 
structure. 

A. 1.1.2  Waveforms 

Test  voltage  waveform  A should  be  applied  between 
the  electrode  and  the  grounded  test  object.  In  the  case 
of  test  objects  having  particularly  vulnerable  or  flight- 
critical  components  it  mav  be  advisable  to  repeat  the 
tests  using  waveform  D as  a confirmatory  test. 

4. 1.1. 3 ~est  Setup 

The  test  object  should  be  a full-scale  produc- 
tion line  jiardware  conponent  or  a representative  pro- 
totype, since  minor  clianges  from  design  samples  or 
prototypes  may  change  the  lightning  test  results. 

.'.11  conducting  objects  within  or  on  nonnetolllc  liard- 
/aro  that  are  normally  connected  to  the  vehicle  when 
Inst alien  in  the  aircraft  should  be  electrically  con- 
nected to  ground  (the  return' side  of  the  lightning 
generator).  Surrounding  external  metallic  vehicle 
structure  sliould  be  simulated  and  attached  to  the 
test  object  to  make  the  entire  test  object  look  as 
-we),  like  the  actual  vehicle  region  under  test  ns 
possible. 

The  test  electrode  to  which  test  voltage  is  ap- 
plied. should  be  positioned  so  that  Its  tip  is  1 meter 
away  'rotj  the  nearest  surface  of  the  test  object. 

1 Ironstone  of  tbc  teet  electrode  are  not  critical, 
'amorally,  model  tests  or  field  experience  will  have 
Indicated  that  lightning  flashes  can  approacli  the  ob- 
ject under  test  from  several  different  directions.  If 
io,  the  teats  should  be  repeated  with  the  high  voltage 
electrode  oriented  to  create  strokes  to  the  object  from 
these  different  directions. 


If  the  test  object  is  so  snail  tliat  a 1-meter 
gRp  permits  strokes  to  miss  the  test  object,  or  If  a 
1-meter  gap  la  inappropriate  for  other  reasons, 
shorter  or  longer  gaps  nay  be  used.  Multiple  flasti- 
overa  sliould  be  applied  from  each  electrode  position. 
Tests  may  be  commenced  with  either  positive  or  nega- 
tive polarity.  If  test  electrode  positions  are  found 
fron  which  the  simulated  lightning  flaahovers  do  not 
contact  the  teat  piece,  or  do  not  puncture  It  if  It 
Is  normetalllc,  the  tests  from  these  sane  electrode 
positions  should  be  repeated  using  tlie  opposite 
polarity. 

A. 1.1. A Measurements  and  Data  Requirements 

Measurements  that  sliould  l>e  taken  during  these 
tests  Include  the  following: 

a.  Test  Voltage  and  Amplitude  Waveform.  The 
voltage  applied  to  the  gap  should  be  measured.  Photo- 
graphs of  the  voltage  waveform  should  he  taken  to  es- 
tablish that  waveform  A is  in  fact  being  applied. 
Voltage  measurements  should  be  made  of  each  test  "olt- 
age  waveform  applied  since  breakdown  paths,  and  hence 
tlie  test  voltage,  nay  change.  Particurlar  attention 
should  be  given  to  assuring  that  the  gap  flashes  over 
on  the  wavefront.  If  a flashover  occurs  on  the  wave 
tall,  the  test  should  he  repeated  with  the  generator 
set  to  provide  a hlglier  voltage  or  the  test  electrode 
positioned  closer  to  the  test  object  so  as  to  produce 
flashover  on  the  wavefront. 

b.  Attachment  Points  and/or  breakdown  Patlis 
Ttie  voltage  generators  used  for  these  tests  are  high 
Impedance  devices.  The  test  current  nay  be  much  less 
tlian  natural  lightning  currents.  Consequently,  they 
will  produce  much  less  damage  to  the  test  object  than 
a natural  lightning  flash,  even  tliough  tlie  breakdown 
will  follow  tlie  path  a hill-scale  llghtninR  stroke 
current  would  follow.  Occasionally  a diligent  search 
will  be  required  to  find  the  attaclinent  point  on  met- 
als or  the  breakdown  path  through  nonmetalllc  surfaces. 
These  attachment  points  or  breakdown  paths  should  be 
looked  for  after  each  test  and  narked,  when  found, 
with  masking  tape  or  crayon  markings  to  prevent  con- 
fusion with  further  test  results. 

A. 1.2  Direct  effects  - Structural 
A. 1.2.1  Objective 

These  tests  determine  the  direct  effects  which 
lightning  currents  nay  produce  In  structures. 

A. 1.2. 2 Waveforms 

Simulated  lightning  current  waveform  components 
sliould  be  applied,  depending  on  the  vehicle  zone  of 
the  test  object,  as  follows: 

A. 1.2. 2.1  Zone  1A 

Waveform  components  A and  B should  be  applied. 


4.1.2. 2.2  "one  111 

Wavffom  components  A,  A,  C,  and  D should  he 
applied  In  that  order,  hut  not  necessarily  as  one 
continuous  discharge. 

4.1.2. 2. 3 Zona  2A 

Although  Zone  2A  is  a swept  stroke  zone,  static 
tests  can  be  conducted  once  the  attachment  points  and 
dwell  tines  luive  been  determined.  Current  components 
P,  D,  and  C should  he  applied  In  that  order  as  appro- 
priate to  the  following  discussion. 

High  peak  current  restrlkes  typically  produce 
ro-attaclinent  of  the  arc  at  a new  point.  Therefore, 
current  component  0 Is  applied  first.  The  dwell  time 
for  components  B and  C in  Zone  2A  may  be  determined 
fron  swept  stroke  tests  as  described  In  Paragraph  4.2.2 
or,  alternatively,  a worst  case  dwell  time  of  50  milli- 
seconds nay  be  assuned  without  conducting  swept  strolie 
tests.  The  timing  mechanism  of  the  generator  produc- 
ing component  B should  be  set  to  allow  current  to  flow 
into  tho  test  object  (at  any  single  point)  for  the 
maximum  dwell  tine  at  that  point  as  determined  from 
the  dwell  point  tests.  If  the  neasured  dwell  time  is 
greater  tlian  5 milliseconds  or  if  a 50  millisecond 
dwell  tine  has  been  assuned,  the  component  B current 
should  be  reduced  to  400  amperes  (component  C)  for 
the  dwell  tine  In  excess  of  5 milliseconds.  If  the 
measured  dwell  time  is  less  then  5 milliseconds,  com- 
ponent B should  be  applied  for  the  length  of  time 
measured,  do'm  to  a minimum  of  1 millisecond. 


The  polarity  of  components  A and  0 can  be  either 
positive  or  negative.  The  polarity  of  the  generators 
used  to  produce  components  E and  C should  be  set  so 
that  the  electrode  is  negative  with  respect  to  the 
test  object,  because  greater  damage  Is  generally  pro- 
duced when  the  test  object  la  at  positive  polarity 
with  respect  to  the  test  olectroda. 

4. 1.2. 4 Measurements  and  Data  Requirements 

Measurements  for  these  tests  Include  test  current 
amplltude(s)  and  waveform(s).  Initial  stroke,  restrlke 
and  Intermediate  current  components  may  be  measured 
with  nonlnductive  resistive  shunts,  current  transform- 
ers, or  Rogovski  colls.  Continuing  currents  may  he 
measured  with  resistive  shunts.  The  output  of  each  of 
these  devices  should  be  measured  and  recorded. 

NOTE:  Indirect  effects  measurements  are  fre- 
quently required  for  external  electrical  hardware, 
as  specified  In  Paragraph  4.1.6.  If  desired,  some  of 
these  measurements  can  be  made  during  the  direct 
effects  tests. 

Since  the  condition  of  the  test  object  or  other 
parts  of  the  test  circuit  may  affect  the  test  cur- 
rent (a)  applied,  measurements  of  these  parameters 
should  be  made  during  each  test  applied,  and  the  de- 
tails of  the  test  setup  recorded  for  each  test. 

4.1.3  Direct  Effects  - Combustible  Vapor  Ignition  Via 
Skin  or  Component  Puncture.  Hot  Spots  or  Arcing 

4. 1.3.1  Objective 


II 


4. 1.2. 2. 4 Zone  2 a 

Current  components  B,  C and  B should  he  applied 
in  that  order. 

4. 1.2. 2. 5 done  3 

Current  components  A and  C should  he  applied  In 
that  order  to  test  objects  In  Zone  3.  The  teat  cur- 
rents should  bo  conducted  Into  and  out  of  the  tost  ob- 
ject In  a manner  slnilar  to  the  way  lightning  currents 
would  he  conducted  through  the  aircraft. 

4. 1.2. 3  Test  Setup 

4. 1.2. 3.1  Test  Electrode  and  Cap 

Tic  teat  currents  are  delivered  fron  a tost  elec- 
trode positioned  adjacent  co  the  test  object.  The  test 
object  Is  connected  to  the  return  side  of  tho  gener- 
ator (s)  so  tlmt  test  current  can  flow  through  the  ob- 
ject In  a realistic  manner. 

rAlTT0,i:  There  nay  be  interactions  between  the  arc 
and  current  carrying  conductors.  Care  must  he  taken 
to  assure  that  these  Interactions  do  not  Influence  the 

tent  results. 

“he  electrode  naferlal  should  he  a good  electri- 
cal conductor  with  ability  to  resist  the  erosion  pro- 
duced by  the  test  currents  involvod.  Yellow  brass, 
steel,  tungsten  and  carbon  are  suitable  electrode  ma- 
terials. Tiio  shape  of  the  electrode  Jo  usually  a 
rounded  rod  firmly  affixed  to  the  generator  output 
terminal  and  npneed  at  a fixed  distance  above  the  sur- 
face of  the  test  object. 


The  objective  of  these  tests  Is  to  ascertain  the 
possibility  of  combustible  vapor  ignition  as  a result 
of  skin  or  component  puncture,  hot  spot  formation,  or 
arcing  in  or  near  fuel  systems  or  other  regions  where 
combustible  vapors  nay  exist. 

CAUTION:  These  tests  simulate  the  possible  direct  ef- 
fects which  nay  cause  ignition.  Ignition  of  combust- 
ible vapors  nay  also  be  caused  by  lightning  indirect 
effects  such  as  Induced  voltages  in  fuel  probe  wiring, 
etc. 


If  a blunt  electrode  Is  used  with  a very  small 
gap,  the  gas  pressure  and  shock,  waive  effects  in  the 
confined  area  nay  cause  more  physical  damage  than 
would  otherwise  he  produced.  The  electrode  should 
be  rounded  to  allow  relief  of  the  pressure  formed  by 
the  diacliarRe. 

Por  multiple  conponent  teats,  the  test  electrode 
should  be  placed  as  far  from  the  test  object  surface 
as  the  driving  voltage  of  the  intermediate  component 
B or  continuing  current  conponent  C will  allow.  A gap 
spacing  of  at  least  50  mm  Is  desirable  but  a lesser 
gnp  of  at  least  10  m is  required  (.111011  will  result 
In  more  conservative  data.  When  components  B or  C are 
preceded  by  the  high  peak  current  component  A,  tho  high 
driving  voltage  of  this  generator  Initiates  the  arc  and 
subsequent  components  B and/or  C follow  the  established 
arc  evon  though  driven  by  a nuch  lower  voltage. 
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4. 1.3. 2 Waveforms 

The  name  ceat  current  waveform#  should  be  ap- 
plied as  ars  specified  for  structural  damage  tests 
in  Paragraph  4. 1.2. 2. 

4. 1.3. 3 Test  Setup 

Test  setup  requirements  are  the  same  as  those 
described  in  Paragraph  4. 1.2. 3 for  structural  damage 
tests,  with  the  following  additional  considerations: 

If  a complete  fuel  tank  is  not  available  or  im- 
practical for  teet,  a sample  of  the  tank  skin  or  other 
specimen  representative  of  the  actual  structural  con- 
figuration (including  Joints,  fasteners  and  substruc- 
tures, attachment  hardware,  as  well  as  Internal  fuel 
tank  fixtures)  should  be  Installed  on  a light-tight 
opening  or  chamber.  Photography  is  the  preferred 
technique  for  detecting  sparking.  If  photography  can 
be  employed,  the  chamber  should  be  fitted  with  an 
array  of  mirrors  to  make  any  sparks  visible  to  the 
camera.  However,  for  regions  where  possible  spark- 
ing activity  cannot  be  made  visible  to  the  camera, 
ignition  tests  nay  be  used  by  placing  an  lgnltable 
fuel-air  mixture  Inside  the  tank.  Tills  can  be  a mix- 
ture of  propane  and  air  (e.g.,  for  propane:  a 1.2 
stoichiometric  nixture)  or  vaporized  samples  of  the 
appropriate  fuel  nixed  with  air.  ’’eriflcetion  of  the 
combustibility  of  the  nixture  should  be  obtained  by 
ignition  with  a spark  or  corona  ignition  source  in- 
troduced into  the  test  chanber  immediately  after  each 
lightning  test  in  which  no  ignition  occurred.  If 
the  combustible  mixture  was  not  lgnltable  by  this 
artificial  source,  the  lightning  test  must  be  consid- 
ered invalid  and  repeated  with  a new  nixture  until 
either  the  lightning  test  or  artificial  ignition 
source  ignites  the  fuel. 

4. 1.3. 4 Measurements  and  Data  Requirements 

The  sane  test  current  measurements  should  be 
made  as  are  specified  for  structural  damage  tests  in 
Paragraph  4. 1.2. 4. 

The  presence  of  an  Ignition  source  should  be  de- 
termined by  photography  of  possible  sparking.  For 
this  purpose  a camera  is  placed  in  the  test  chamber 
and  the  shutter  left  open  during  the  test.  Hxperience 
indicates  that  ASA  3000  speed  film  exposed  at  f4.7  is 
satisfactory.  All  light  to  the  chamber  interior  must 
hr  excluded.  Any  light  indications  on  the  film  due 
to  internal  sparking  after  test  should  be  tsken  as  an 
Indication  of  sparking  sufficient  to  ignite  a combust- 
ible mixture. 

CAUTION:  This  method  of  determining  the  possibility 
off  sparking  should  be  utilized  only  if  certainty  ex- 
lata  that  all  locations  where  sparking  might  exist 
are  visible  to  the  camera. 

'lore  specialized  Instrumentation  may  be  added  if 
additional  information  such  aa  skin  surface  tempera- 
tures, pressure  rises,  or  flame  front  propagation  vel- 
ocltlea  are  desired. 


4.1.4  Direct  Effects  - Streamers 

4. 1.4.1  Objective 

Electrical  streamers  initiated  by  a high  voltage 
field  represent  a possible  ignition  source  for  combust- 
ible vapors.  The  objective  of  this  teat  is  to  deter- 
mine if  such  streamers  may  be  produced  in  regions 
whars  such  vapors  exist. 

4. 1.4. 2 Waveforms 

Test  voltage  waveform  B should  be  applied  for 
this  test.  The  creat  voltage  should  be  sufficient  to 
produce  streaoerlng,  but  not  sufficient  to  cause  flash- 
over  in  the  high-voltage  gep.  Generally,  this  will 
require  tliat  the  average  electric  field  gradient 
between  the  electrodes  be  at  least  1 kV/cm. 

4. 1.4. 3 Teat  Setup 

The  test  object  should  be  mounted  in  a fixture 
representative  of  the  surrounding  region  of  the  air- 
frame and  be  subjected  to  the  high-voltage  waveform. 

The  voltage  may  be  applied  either  by  (1)  grounding 
the  teat  object  and  arranging  the  high-voltage  test 
electrode  sufficiently  close  to  the  test  object  to 
create  the  required  field  at  the  teat  voltage  level 
applied  or  (2)  connecting  the  test  object  to  the  high- 
voltage  output  of  the  generator  and  arranging  the  teat 
object  in  proximity  to  a ground  plana  or  other  ground 
electrode  that  la  connected  to  the  ground  or  low  aide 
of  the  generator.  In  either  case  the  low  voltage  side 
of  the  generator  should  be  grounded.  Hither  arrange- 
ment can  provide  the  necessary  electric  field  at  the 
teat  object  aperture.  The  teat  object  should  be  at 
positive  polarity  with  respect  to  ground,  since  this 
polarity  usually  provides  the  most  profuse  streamerlng. 

4. 1.4. 4 Measurements  and  ilata  Requirements 

Measurements  should  Include  test  voltage  wave- 
form and  amplitude,  end  degree  and  location  of  atream- 
erlng.  The  presence  of  streamerlng  at  locations  where 
combustible  vapors  are  known  to  exist  la  considered  an 
ignition  source.  The  presence  of  streamerlng  can  beet 
be  determined  with  photography  of  the  test  object  while 
in  a darkened  area.  If  the  presence  of  streamers  is 
questionable,  the  test  should  be  run  with  a combustible 
mixture  actually  present  in  the  test  object  to  determine 
if  ignition  occurs,  but  care  should  be  taken  to  ensure 
that  the  teat  arrangement  simulates  relevant  operational 
(l.e.,  in-flight)  characteristics. 

4.1.5  Direct  Effects  - External  Hlectrlcal  Hardware 

4. 1.5.1  Objective 

The  object  of  this  test  la  to  determine  the 
amount  of  physical  damage  which  nay  be  experienced 
by  externally  mounted  electrical  components,  such  as 
pitot  tubes,  antennas,  navigation  lights,  etc.  when 
directly  struck  by  lightning. 
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A. 1.5. 2 Waveforms,  Test  Setup,  and  Measurements 
and  Data  Requirements 

Sane  as  for  structures  test  as  described  In 
Paragraph  A. 1.2. 

A. 1.6  Indirect  Kffects  - External  Electrical  Hardware 
A. 1.6.1  ilbjectlve 

The  objective  of  this  test  la  to  determine  the 
magnitude  of  Indirect  effects  that  occur  when  light- 
ning strikes  externally  mounted  electrical  hardware, 
such  as  antennas,  electrically  heated  pitot  tubes, or 
navigation  lights.  For  such  liardware  the  Indirect 
effects  include  conducted  currents  and  surge  voltages, 
and  Induced  voltages.  These  currents  and  voltages  may 
then  be  conducted  via  electrical  circuits  to  other  sy- 
stems in  the  vehicle.  Therefore,  durlnR  the  direct 
effects  tests  of  electrical  hardware  mounted  within 
r.ones  1 or  2,  measurements  should  be  made  of  the  volt- 
age appearing  at  all  electrical  circuit  terminals  of 
the  consonent.  In  addition,  a fast  rate  of  rise  test 
should  be  conducted  for  evaluation  of  magnetically 
Induced  effects. 

A. 1.6. 2 .'ave  forms 

Current  components  A through  I)  used  for  evalua- 
tion of  direct  effects  are  also  used  for  evaluation 
of  indirect  effects,  particularly  those  relating  to 
the  diffusion  or  flow  of  current  through  resistance. 
The  specific  waveforms  to  be  used  are  the  same  as 
those  specified  in  Paragraph  A.  1.2.  In  addition,  the 
fast  rate  of  change  current  waveform  F should  be  ap- 
plied for  evaluation  of  magnetically  Induced  effects. 

Indirect  effects  neasured  as  a result  of  this 
waveform  nust  be  extrapolated  as  follows.  Induced 
voltages  dependent  upon  resistive  or  diffusion  flux 
should  be  extrapolated  linearly  to  a peak  current  of 
200  kA. 

Induced  voltages  dependent  upon  aperture  coupling 
should  be  extrapolated  linearly  to  a peak  rate-of-rlse 
of  100  kA/^is. 

A, 1.6. 3 Teat  Setup 

"he  test  object  should  be  mounted  on  a shielded 
.test  chamber  so  that  accesa  to  Its  electrical  connec- 
tor (s)  can  he  obtained  In  an  area  relatively  free  from 
extraneous  electromagnetic  fields.  Tills  is  necessary 
to  prevent  electromagnetic  Interference  originating 
.in  the  lightning  test  circuit  from  Interfering  with 
measurement  of  voltages  Induced  In  the  test  object 
Itself.  The  test  object  should  be  fastened  to  the 
test  chamber  In  a manner  similar  to  the  way  It  la 
mounted  on  the  aircraft,  since  normal  bonding  Imped- 
ances may  contribute  to  the  voltages  Induced  In  cir- 
cuits. If  the  shielded  enclosure  Is  large  enough, 
the  neasurement/recordlng  equipment  may  be  contained 
within  it.  If  not,  a suitable  shielded  instrument 
cable  may  bo  uoed  to  transfer  the  Induced  voltage  sig- 
nal from  the  shielded  enclosure  to  the  equipment.  In 
this  cane,  the  equipment  should  be  located  so  as  not 
to  experience  Interference. 


The  test  electrode  should  be  positioned  so  as  to 
Inject  simulated  lightning  current  Into  the  test  ob- 
ject at  the  probable  attachment  polnt(s)  expected  from 
natural  lightning.  For  testa  run  concurrently  with 
direct  effects  testa  on  the  same  teat  object,  this 
should  be  an  arc-entry  (flaahover  from  test  electrode 
to  teat  object);  but  for  tests  made  only  to  determine 
the  Indirect  effects,  hard-wired  connections  can  be 
made  between  the  generator  output  and  teat  object. 

This  la  appropriate  especially  If  It  la  desired  to 
minimize  physical  damage  to  the  teat  object.  The  teat 
object  should  be  grounded  via  the  shielded  enclosure 
so  that  simulated  lightning  current  flows  from  the 
test  object  to  the  shielded  enclosure  In  a manner  re- 
presentative of  the  actual  Installation. 

A. 1.6. 4 Measurements  and  Data  Mcgulrementa 

Measurements  should  Include  test  current  ampli- 
tude^) and  waveforra(s)  as  specified  for  the  direct 
effects  tests  utilizing  the  same  waveforms  In  Para- 
graph A. 1.2.  In  addition,  measurements  should  be  made 
of  conducted  and  Induced  voltages  at  the  terminals  of 
electrical  circuits  In  the  test  object. 

Measurement  of  the  voltages  appearing  at  the  el- 
ectrical terminals  of  the  test  object  should  be  made 
with  a suitable  recording  Instrument  having  a band- 
width of  at  least  30  megahertz. 

In  some  cases  it  Is  appropriate  to  make  measure- 
ments of  the  voltage  between  two  terminals,  as  well  as 
of  the  voltage  between  either  temlnal  and  ground. 

Since  the  amount  of  Induced  voltage  originating  In  the 
teat  object  which  can  enter  systems  such  as  a power  bus 
or  an  antenna  coupler  depends  partly  on  the  Impedances 
of  these  Items,  these  Impedances  should  be  simulated 
and  connected  across  the  electrical  terminals  of  the 
teat  object  where  the  Induced  voltage  la  being  measured. 

The  resistance,  Inductance  and  capacitance  of 
the  load  Impedance  should  be  Included.  A typical 
teat  and  measurement  circuit  is  shown  In  Figure  4.1. 

CAUTI011:  Interference-free  operation  of  the  voltage 
measurement  system  should  be  verified. 

Shielded  Enclosure 

l 

1 Simulated 
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Figure  4-1  Essential  elements  of  electrical  hard- 
ware Indirect  effects,  teat  and  measurement 
circuit. 
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4.2.1  Modal  Aircraft  Lightning  Attachment  Point  Taat 


electrode 


4. 2. 1.1  Obi  active 


The  objective  of  the  nodal  taat  la  to  determine 
the  placea  on  the  vehicle  where  direct  lightning  strikes 
are  likely  to  attach. 

4. 2. 1.2  Waveforms 

If  It  la  dealrad  to  determine  the  placea  on  the 
aircraft  where  lightning  atrlkea  are  moat  probable, 
then  voltage  waveform  C may  be  utilized.  If  It  la 
dealrad.  In  addition,  to  Identify  other  surfacea  where 
atrlkea  may  alao  occur  on  rare  occaalon,  voltage  vave- 
fom  D may  be  utilized.  The  longer  rlae-tlae  of  wave- 
form D allows  development  of  atreamera  and  attachment 
polnta  In  regiona  of  lover  field  lntanalty  (In  addi- 
tion to  those  of  high  intensity  at  surfaces  of  high 
strike  probability. 

4. 2. 1.3  Teat  Setup 

Testa  on  small-scale  models  are  helpful  for  de- 
termining attachment  zones.  In  some  caaaa,  testa  on 
models  must  be  supplemented  by  other  means  to  deter- 
mine exact  attachment  zones  or  points.  This  is  parti- 
cularly true  of  aircraft  involving  large  amounts  of 
nonmetalllc  structural  materials. 


ff  - 0* 


0-180* 


- 

e-90* 


0 - latitude 
t “ longitude 


An  accurate  model  of  the  vehicle  exterior  from 
1/30  to  1/10  full  scale  should  be  constructed.  The 
various  possible  vehicle  configurations  should  also 
be  modeled.  Conducting  surfaces  on  the  aircraft 
should  be  represented  by  conductive  surfaces  on  the 
model,  and  vice  versa. 

The  model  la  then  positioned  on  Insulators  be- 
tween the  electrodes  of  a rod-rod  gap  or  the  electrode 
and  a ground  plane  of  a rod-plane  gap.  The  length 
of  the  upper  gap  should  be  at  least  1.3  times  the  long- 
est dimension  of  the  model.  The  direction  of  approach 
becomes  leas  controllable  at  much  higher  ratios  and 
the  stroke  may  even  miss  the  modal.  The  lower  gap, 
may  be  as  much  as  2.5  times  the  longest  dimension  of 
the  model  and  should  ba  at  least  equal  to  the  model 
dimension. 

Commonly  the  electrodes  are  fixed  and  the  model 
Is  rotated.  The  orientations  of  the  electrodes  with 
respect  to  the  modal  should  be  such  as  to  define  all 
likely  attachment  points.  Typically,  the  slactrodes, 
relative  to  the  model,  are  placed  at  30*  steps  In  lat- 
itude around  the  0*  and  90*  longitudes,  as  shown  in 
Figure  4-2.  Smaller  steps  In  latitude  or  longitude 
may  be  required  to  Identify  all  attachment  points. 


Figure  4-2  Aircraft  coordinate  system. 


If  rotation  of  the  model  significantly  changes  Che 
gap  lengths.  It  may  be  necessary  to  reposition  the 
electrode.  Typically  three  to  ten  shots  are  taken 
with  the  aircraft  In  each  orientation  to  simulate 
lightning  flashes  approaching  from  different  direc- 
tions. Photographs,  preferably  with  two  cameras  at 
right  angles  to  each  other,  should  be  taken  of  each 
shot  In  order  to  determine  the  attachment  points. 
The  upper  electrode  should  be  positive  with  respect 
to  ground  and/or  the  lower  electrode. 

4.2.2  Full-Size  Hardware  Attachment  Point  Test  - 
Zone  2 

4. 2. 2.1  Objective 


The  mechanism  of  arc  attacliment  In  Zone  2 regions 
la  fundamentally  different  from  that  In  Zone  1.  The 
basic  mechanism  of  attachment  Is  shown  on  Figure  4-3. 
The  arc  first  attaches  to  point  1 and  then,  viewing 
the  test  object  as  stationary,  la  swept  back  along  the 
surface  to  point  2.  When  the  heel  of  the  arc  is 
above  point  2 the  voltage  drop  at  tho  arc-metal  inter- 
face la  sufficiently  high  to  cause  flashover  of  the 
air  gap  and  puncture  of  the  surface  finish  at  point 
2 causing  it  to  ra-attach  there. 


-80- 


~ — 


The  arc  will  again  be  blown  back  along  the  sur- 
face until  the  voltage  along  the  nrc  channel  and  arc- 
netnl  Interface  Is  sufficient  to  cause  flaahover  and 
attnchnent  to  another  point.  The  voltage  at  which  each 
new  attachment  will  occur  depends  strongly  upon  the 
surface  finish  of  the  object  under  test.  The  volt- 
age available  to  cause  puncture  depends  upon  the  cur- 
rent flowing  In  the  arc  and  the  degree  of  Ionization 
In  Its  cluinnel.  There  Is  an  Inductive  voltage  rise 
along  the  arc  ns  rapidly  changing  currents  flow 
through  it.  There  will  also  be  a resistive  voltage 
rise  produced  by  the  flow  of  current.  The  inductive 
voltage  rise  ns  well  as  the  resistive  rise  can  be 
quite  significant  when  a lightning  reatrike  occurs 
at  sone  point  in  the  flash. 


Figure  4-3  Sasic  mechanism  of  swept  stroke 
attachment . 


Tn  addition,  if  the  flash  is  discontinuous  for 
a brief  period  a very  high  voltage  Is  available  prior 
to  flow  of  the  next  current  component.  3ecause  the 
c!iannel  remains  hot  and  nay  contain  residual  Ionized 
part  lcles,  this  voltage  stress  is  greatest  along  It 
and  subsequent  current  components  are  likely  to  flow 
along  the  sane  channel.  Such  a voltage  may  well  be 
higher  than  voltages  created  by  currents  flowing  In 
the  channel  and  nay  cause  re-attachnent  to  netalllc 
surfaces  or  puncture  of  nonnetallic  surfaces  or  di- 
electric coatings. 

The  tine  luring  which  sn  nrc  nay  remain  attached 
to  anv  single  point  (dwell  time)  Is  a function  of  the 
lightning  flash  and  surface  characteristics  which  gov- 
ern reattachnent  to  the  next  point.  The  lwell  time  Is 
also  a function  of  aircraft  speed. 

"••ent  stroke  attachment  point  and  dwell  time 
• ononenn  are  therefore  of  Interest  for  two  nnln 
*.  sons.  First,  If  there  Is  an  Intervening  nonmetal- 
: to  tirfare  *lonr  the  path  over  which  the  arc  may  be 
r »-t,  the  swept  stroke  phenomena  may  determine 

*r  t .#  nonnetallic  surface  will  be  punctured  or 

• t »r  the  arc  will  pass  harmlessly  across  It  to  the 

• * metallic  stir  face. 

f*  , the  dwell  time  of  an  nrc  on  a metallic 

fa-t-r  determining  If  sufficient  lieat- 
r at  a dwell  point  to  burn  a hole  or  form 
• ' ■ >.,  « of  Igniting  combustible  mixtures 

-r  snag*,  "hue,  over  a fuel  tank  It 
rartint  that  the  arc  move  freely, 

. * etal  skin  of  the  tank  not  be  hent- 

Int  that  fuel  vapors  are  Ignited. 


The  objectives  of  attachment  studies  In  Zone  2 
are  then: 

For  metallic  curfaces 

^including  conventional  painted  or  treated  sur- 
faces) : 

To  determine  possible  attachment  points  and  as- 
sociated dwell  tines. 

For  nonraatalllc  surfaces 

(including  netalllc  surfaces  with  high  dielec- 
tric strength  coatings): 

To  determine  if  punctures  nay  occur. 

A. 2. 2. 2 Waveforms 

4. 2. 2. 2.1  Metallic  Surfaces 

To  determine  arc  dwell  times  on  metallic  sur- 
faces, including  conventional  painted  or  treated  sur- 
faces, it  Is  necessary  to  simulate  the  continuing 
current  component  of  the  lightning  flash.  Thus  the 
simulated  continuing  current  should  be  In  accordance 
with  current  component  C. 

The  current  generator  driving  voltage  must  he 
sufficient  to  maintain  an  arc  length  that  moves  freely 
along  the  surface  of  the  test  object.  The  teat  elec- 
trode should  he  far  enough  above  the  surface  ao  as 
not  to  Influence  the  arc  attachment  to  the  test  sur- 
face. If  the  technique  of  Figure  4-1  Is  used,  the 
electrode  should  be  a rod  parallel  to  the  air  stream 
and  approximately  parallel  to  the  teat  object. 

A reatrike  nay  be  added  to  the  continuing  cur- 
rent after  Initiation  to  determine  whether  a rcstrike 
with  Its  associated  high  current  amplitude  would  cause 
re-attachment  to  points  other  than  those  to  which  the 
continuing  current  arc  would  re-attach.  If  a restrlke 
la  uaed  it  Is  most  appropriate  that  It  be  the  fast 
rate  of  change  of  current  waveform  shown  ss  current 
waveform  E on  Figure  3-3. 

4. 2. 2. 2. 2 Nonnetallic  Surfaces 

To  determine  whether  it  Is  possible  for  dielec- 
tric punctures  or  reattachroents  to  occur  on  nonretal- 
11c  surfaces  or  coating  materials,  including  metal’. 
surfaces  with  high  dielectric  strength  coating', 
la  necessary  to  simulate  the  high-voltage  c’.wrac ' r • 
lstlca  of  the  arc.  High  voltages  are  caused  by  (1 
current  restrlkea  In  an  Ionized  cliannel , or  (2)  volt- 
age buildup  along  a deionized  channel.  These  char- 
acteristics ara  simulated  by  a test  In  which  a re- 
strike  Is  applied  along  a channel  previously  estab- 
lished by  s continuing  current.  The  reatrike  must 
be  Initiated  by  a voltage  rate  of  rise  of  1000  kV/ps 
or  faster  and  must  discharge  a high  rate  of  rise  cur- 
rent stroke  In  accordance  with  current  wavefom  F.. 

This  restrlke  must  not  be  applied  until  the  continu- 
ing current  has  decayed  to  near  zero  (a  nearly  de- 
ionized state)  as  shown  In  Figure  4-4. 

Several  tests  should  ha  sppllod  with  the  contin- 
uing current  duration  and  restrlkes  applied  accord- 
ing to  different  times,  T,  In  order  to  produce  worst- 
case  exposures  of  the  surface  and  underlying  elements 
to  voltage  stress. 
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The  amplitude  of  the  continuing  current  la  not 
critical  and  nay  be  lower  or  higher  than  that  of  cur- 
rant component  C.  Other  aspects  of  this  test  are  as 
described  In  Paragraph  4. 2. 2. 2.1. 


Voltage 


Figure  4-4  Swept  stroke  waveforms  for  tests 
of  normetalllc  surfaces. 


4. 2. 2. 3 Test  Setup 


Two  basic  nethods  have  been  used  to  slnulate  the 
swept  stroke  nechanlsn.  One  of  these  Involves  use  of 
a wind  strean  to  nove  the  arc  relative  to  a station- 
ary test  stirface  as  shown  In  Figure  4-5.  The  other 
nothod  Involves  movement  of  the  test  surface  relative 
to  a stationary  arc  as  shown  In  Figure  4-6.  Other 
nethods  nay  also  be  satisfactory  If  they  adequately 
represent  the  in-flight  Interaction  between  the  arc 
and  the  aircraft  surface.  Relative  velocity  should 
Include  hut  not  he  limited  to  the  minimum  ln-fllght 
velocitv  of  the  vehlcal,  which  la  when  the  dwell  tine 
condition  Is  nost  critical. 


The  test  electrode  should  be  far  enough  above  the 
surface  so  as  not  to  Influence  the  arc  attachment  to 
the  test  surface.  If  the  technique  of  Figure  4-5  Is 
used,  the  electrode  should  be  a rod  parallel  to  the 
air  stream  and  approximately  parallel  to  the  test 
object . 


Stat ionary 
Electrode 


(Rod  or  Knife  Edge) 


Surface  (Stationary) 


Figure  4-5  Arc  moved  relative  to 
stationary  test  aurfsce. 


4. 2. 2. 4 lieaaurenents  and  Data  Requirements 


The  most  Important  measurements  are  those  giving 
the  attachment  points,  arc  dwell  tinea,  breakdown  paths 
followed,  and  the  separation  between  attachment  points. 
These  are  most  easily  determined  from  high  speed  notion 
picture  photographs  of  the  arc.  Measurements  should 
be  nade  of  the  air  flow  or  test  object  velocity  and  the 
anplltudo  and  waveform  of  the  current  passing  through 
ttie  teat  object. 


Stat lonary 
Electrode 


Surface 

(Moving) 


Figure  4-6  Test  surface  moved 
relative  to  stationary  arc. 


4.2.3  Indirect  effects  - Complete  Vehicle 


4. 2. 3.1  Objective 


The  objective  of  this  test  Is  to  neasure  Induced 
voltages  and  currents  In  electrical  wiring  within  a 
complete  vehicle.  Complete  vehicle  tests  are  Intended 
primarily  to  Identify  circuits  which  nay  he  susceptible 
to  lightning  Induced  effects. 


4. 2. 3. 2 Uavefoms 


Two  techniques,  utilizing  different  wavefom:;, 
may  be  utilized  to  perform  this  test.  One  involves 
application  of  a scaled  down  unidirectional  wavefom 
representative  of  a natural  lightning  stroke. 


The  second  technique  Involves  performance  of  the 
test  with  two  or  more  damped  oscillatory  current  wave- 
forms, one  of  which  (component  G2)  provides  the  fast 
rate  of  rlae  characteristic  of  a natural  lightning 
stroke  wavefront,  and  the  other  (component  G^)  pro- 
vides a long  duration  period  characteristic  of  natural 
lightning  stroke  duration.  Induced  voltages  should  he 
to  assured  In  the  aircraft  circuits  when  exposed  to  both 
waveforms  and  the  highest  induced  voltages  taken  as 
the  test  results. 


Each  teat  is  carried  out  by  passing  test  cur- 
rents through  to  the  complete  vehicle  and  measuring 
the  induced  voltages  and  currents.  Checks  are  also 
made  of  aircraft  systems  and  equipment  operations 
where  possible. 


4. 2. 3.2.1  Unidirectional  Test  Waveform 


Waveform  F should  be  applied. 


4. 2. 3. 2. 2 Oscillatory  Waveforms 


'taveforras  and  C0  should  be  applied. 


4. 2. 3. 3 Test  Setup 


The  test  current  should  be  applied  between  sev- 
eral  rupresentativc  pairs  of  attachnent  points  such 
au  nose-to-tall  or  wing  tlp-to-wlng  tip.  Typical  test 
setups  are  shown  in  Figure  4-7. 


Attachnent  pairs  are  normally  selected  so  as  to 
direct  current  through  the  parts  of  the  vehicle  where 
circuits  of  Interest  are  located. 


r.round  Connection  — Return  Wires 

Where  Induced  ' Insulated  from  Ground 

Voltage  Measurements 
are  Made 


Multiple  return  conductors  should  be  used  to  min- 
imize test  circuit  Inductance  and  proximity  effects. 
Typical  test  setups  are  shown  In  Figure  4-7. 


4. 2. 3. 4 Measurements  andhata  Requirements 


The  test  current  amplitude,  waveform,  and  re- 
sulting Induced  voltages  and  currents  In  the  aircraft 
electrical  and  avionics  systems  should  be  measured. 

CAUTION : Interference-free  operation  of  the  voltage 

measurement  system  should  he  verified. 

Voltages  neasured  during  the  complete  vehicle 
tests  should  be  extrapolated  to  full  threat  levels  in 
the  same  manner  as  described  In  Fara.  4.1.6. 2 for  In- 
direct effects  measurements  In  external  electrical 
hardware.  Situations  such  as  arcing  paths  or  non- 
linear Impedances  exist  which  may  result  In  non- 
linear relationships  between  induced  voltages  and  ap- 
plied current.  Careful  study  of  the  vehicle  under 
test,  however,  con  usually  Identify  such  situations, 
'hen  testing  fueled  vehicles,  care  should  be  taken 
to  prevent  sparks  across  filler  caps,  as  even  low 
amplitude  currents  can  cause  sparking  across  poor 
bonds  or  Joints,  In  doubtful  situations,  fuel  tanka 
should  e renderod  nonflammable  by  nitrogen  Inerting. 
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final  program 

FEDERAL  AVIATION  ADMINISTRATION/FLORIDA  INSTITUTE  OF  TECHNOLOGY 

WORKSHOP  ON 

GROUNDING  AMD  LIGHTNING  PROTECTION 
March  6-8,  1979 


TUESDAY.  MARCH  fe 


MORNING  SESSION 


7:30  - 8:30  REGISTRATION 


8:30  - Introduction  - Mr.  Richard  M.  Cosel 

Electrical  Engineering 
Florida  Institute  of  Technology 

8:35  - Welcome  - Dr.  Jerome  P.  Keuper,  President 

Florida  Institute  of  Technology 

8:40  - Opening  Remarks  - Mr.  Cosel 

8:45  - Announcements  - Mr.  Richard  E.  Enstlce,  Director,  Continuing  Education 

Florida  Institute  of  Technology 

SESSION  MODERATOR:  Prof.  Warren  D.  Peele 

Purdue  University 

9:00  - RETURN  STROKE  LIGHTNING  CHANNEL  MODEL  - Dr.  D.  Quinn, 

Flight  Dynamics  Laboratory,  Wr ight-Patterson  AFB 


NON-LINEAR  MODELING  OF  LIGHTNING  RETURN  STROKES  - Dr.  D.  Strawe, 
Boeing  Aerospace  Company 

ELECTRIC  FIELDS  IN  THUNDERCLOUDS  - W.  P.  Winn,  C.  B.  Moore  and 
C.  R.  Holmes,  New  Mexico  Institute  of  Mining  & Technology 
and  L.  G.  Byerley,  Lightning  Location  & Protection 

10:45  - Break 

11:00  - INITIAL  CURRENTS  ASSOCIATED  WITH  LIGHTNING  TRIGGERED  BY  A 

ROCKET  - R.  B.  Standler,  University  of  Florida  and  C.  B.  Moore, 
New  Mexico  Institute  of  Mining  6 Technology 

MEASUREMENTS  ON  NATURAL  AND  TRIGGERED  LIGHTNING  - J.  Boulay 
and  P.  Laroche,  Office  National  d' Etudes  et  de  Recherches 
Aerospatiales,  France 

FURTHER  CONSIDERATION  OF  BLUNT  AND  SHARP  LIGHTNING  RODS  - 
C.  Moore,  New  Mexico  Institute  of  Mining  & Technology  and 
R.  Standler,  University  of  Florida 

12:45  - 2:00  LUNCH 


A 


f 

I 


-85- 


— 


AFTERNOON  SESSION 

SESSION  MODERATOR:  Mr.  Ray  Barkalov 

Consultant 

2:00  - LIGHTNING  WARNING  DEVICES  - Dr.  R.  Bent,  Atlantic  Scientific 
Corporation 

GROUND  EVALUATION  OF  LIGHTNING  MONITORING  SYSTEM  (STORMSCOPE) 

J.  G.  Schneider,  Technology/Scientific  Services,  Inc.  and 
V.  L.  Mangold,  Wright-Patterson  AFB 

3:15  - Break 

3:30  - EVALUATION  OF  THE  RYAN  STORMSCOPE  AS  A SEVERE  WEATHER  AVOIDANCE 
SYSTEM  FOR  AIRCRAFT  - PRELIMINARY  REPORT  - T.J.  Seymour  and 
Lt.  R.  Baum,  Flight  Dynamics  Laboratory,  Wright-Patterson  AFB 

LIGHTNINC  DETECTION  AND  RANGING  SYSTEM  (LDAR)  AS  A THUNDERSTORM 
WARNING  AND  LOCATION  DEVICE  - C.  L.  Lennon,  Launch  Systems 
Operation  Section,  NASA  -KSC 

A NEW  APPROACH  TO  LIGHTNING  POSITION  AND  TRACKING  - Dr.  R.  Bent, 
Atlantic  Scientific  Corporation 


6:30  - Cocktail  Party 
7:30  - Dinner 
WE D N E SPAY,  March  7 


MORNING  SESSION 

SESSION  MODERATOR:  Dr.  G.  Keith  Huddleston 

Georgia  Institute  of  Technology 

8:30  - TECHNIQUES  FOR  INCREASING  THE  LIGHTNING  TOLERANCE  OF  THE 
NAVY/AIR  FORCE  COMBAT  MANEUVERING  RANGE  INSTRUMENTATION 
SYSTEMS  - J.  E.  Nanevicz,  F..  F.  Vance,  SRI  International 

LIGHTNING  CURRENT  TRANSFER  ALONG  PERIODICALLY  GROUNDED  PIPELINES, 
FENCES,  CABLE  TRAYS  AND  BURIED  CABLES  - .1 . R.  Stahmann, 

M.  W.  Brooks,  PRC  Systems  Services  Company 

DESIGN  OF  ELECTRONIC  SYSTEMS  TOLERANT  OF  POOR  GROUNDING  - 
T.  H.  Herring,  Boeing  Aerospace  Company 

10:15  Break 

10:30  ANALYZING  SURGE-PROTECTIVE  DEVICES  WITHIN  A COMMON  FRAMEWORK  - 

B.  I.  Wolff,  General  Electric  Company 
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PROTECTING  FACILITIES  AND  EQUIPMENT  FROM  INDUCED  LIGHTNING 
AND  VOLTAGE  ON  THE  A.  C.  POWER  LINE  - R.  Odenberg,  Transtector 
System  (Paper  not  delivered  due  to  illness.  However,  it  is 
included  in  the  Proceedings.) 

EFFECT  OF  LEAD  WIRE  LENGTH  ON  PROTECTOR  CLAMPING  VOLTAGES  - 
0.  M.  Clark,  J.  J.  Pizzicaroli,  General  Semiconductor 
Industries  Inc. 

DESIGN,  DEVELOPMENT  AND  FABRICATION  OF  DEVICES  FOR  PROTECTION 
OF  ELECTRONIC  EQUIPMENT  AGAINST  LIGHTNING  - J.P.  SIMI,  Les 
Cables  de  Lyon,  Bezons,  France 

LIGHTNING  FATALITIES:  CAN  THEY  BE  PREVENTED  - A brief  synopsis 
of  a paper  by  W.  E.  Cobb,  Atmospheric  Physics  and  Chemistry 
Laboratory,  NOAA,  Boulder,  Colorado 

12:45  - 2:00  p.m.  Lunch 


AFTERNOON  SESSION 

SESSION  MODERATOR:  Mr.  John  E.  Reed 

Federal  Aviation  Administration 

2:00  - A NEW  STANDARD  FOR  LIGHTNING  QUALIFICATION  TESTING  OF 
AIRCRAFT  - J.  A.  Plumer,  Lightning  Technologies,  Inc. 

THE  APPLICATION  OF  NUCLEAR  EMP  PROTECTION  TECHNOLOGY  TO 
LIGHTNING  PROTECTION  PROBLEMS  - T.  J.  Lange,  The  Boeing 
Company 

SPACE  SHUTTLE  LIGHTNING  PROTECTION  - D.  L.  Suiter,  R.  D.  Gadbois, 
R.  L.  Blount,  NASA,  Houston 

3:45  - Break 

4:00  - LIGHTNING  PROTECTION  DESIGN  OF  THE  SPACE  SHUTTLES  - M.  S.  Amsbary, 
G.  R.  Read  and  B.  L.  Gif fin,  Rockwell  International 


AN  RF  COMPATIBLE  LIGHTNING  DIVERTER  STRIP  - J.  Cline,  J.  Raney 
Dayton  Granger  Aviation,  Inc.,  Capt.  J.  Dunn,  USAF,  Eglin  AFB 
J.  Robb,  LTRI 


THURSDAY , MARCH  8 

MORNING  SESSION 

SESSION  MODERATOR:  Mr.  John  E.  Reed 

Federal  Aviation  Administration 

8:30  - PROTECTION/HARDENING  OF  AIRCRAFT  El.ECTRONIC  SYSTEMS  ACAINST 
THE  INDIRECT  EFFECTS  OF  LIGHTNING  - J.  C.  Corbin,  Jr., 

Flight  Dynamics  Laboratory,  Wr ight-Patterson  AFB 

IN-FLIGHT  LIGHTNING  CHARACTERISTICS  MEASUREMENT  SYSTEM  - 
F.  L.  Pitts,  M.  E.  Thomas,  R.E.  Campbell,  R.  M.  Thomas, 

K.  P.  Zaepfel,  NASA-Langley  Research  Center 

IN-FLIGHT  MEASUREMENTS  OF  NATURAL  LIGHTNING  CHARACTERISTICS  - 
K.  J.  Maxwell,  L.  C.  Walko,  Technology/Scientific  Services,  Inc. 
and  V.  I..  Mangold,  Wright-Patterson  AFB 

10:15  Break 

10:30  - LIGHTNING  EFFECTS  ON  GENERAL  AVIATION  AIRCRAFT  - J.  A.  Plumer, 
Lightning  Technologies,  Inc. 

TEST  TECHNIQUES  FOR  SIMULATING  LIGHTNING  STRIKES  TO  CARBON 
FIBRE  COMPOSITE  STRUCTURES  - P.  F.  Little,  A.  W.  Hanson, 

B.  C.  Burrows,  Culham  Laboratory  UKAEA,  England 

INDUCED  EFFECTS  OF  LIGHTNING  ON  AN  ALL  COMPOSITE 
AIRCRAFT  - R.  A.  Perala,  R.  B.  Cook,  Electro  Magnetic 
Applications,  Inc.  and  K.  M.  Lee,  Mission  Research  Corporation 


DISTRIBUTION  OF  LIGHTNING  CURRENTS  - B.  C.  Burrows,  Culham 
Laboratory,  UKAEA,  England 

11:45  - Adjourn 


FEDERAL  AVIATION  ADMINISTRATION/FLORIDA  INSTITUTE  OF  TECHNOLOGY 

WORKSHOP  ON 

GROUNDING  AND  LIGHTNING  PROTECTION 
ATTENDANCE  ROSTER 


Mr.  Bill  Ackerman 
Lear  Avia  Corp. 

P.  0.  Box  60000 
Reno,  NV  89506 

Ms.  M.  S.  Amsbary 
Rockwell  Internat ional-FC  50 
12214  Lakewood  Blvd. 

Downey,  CA  90241 

Mr.  Herman  D.  Anderson 
Defense  Electronics  Supply  Center 
1507  Wilmington  Pike 
Dayton,  OH  45444 

Mr.  Charles  J.  Andrasco 
FAA 

ARO-650 

Washington,  DC 

Mr.  George  C.  Apostolakis 
FAA,  NAFEC 

Bldg.  14,  Room  203,  ANA-100 
Atlantic  City,  NJ  08405 

Mr.  Dennis  R.  Asher 
Bell  Telephone  Labs 
3 Indiana  Trail 
Hopatany,  NJ  07843 

Mr.  Robert  Aston 
Raytheon 
Hartwell  Road 
Bedford,  MA  01730 

Mr.  Roger  G.  Atchison 
US  Navy 

NWSED,  NAS  Cecil  Field 
Jacksonville,  FL  32215 

Mr.  Shlnji  Atoh 
Tanegashima  Space  Center, 

National  Space  Development 
Kagoshima  JAPAN 

Mr.  Eric  Aubrey 
Canadair  Ltd. 

Bex  6087 

Montreal,  CANADA  H3C  3G9 

Mr.  Robert  J.  Auburn 
Airline  Pilots  Association 
1625  Massachusettes  Ave.  N.W. 
Washington,  DC  20036 

Mr.  John  E.  Baker 
Baker  Lightning  Rod  Protection 
34  May  Street 
Webster,  NY  14580 

Mr.  Duel  R.  Ballard 
Naval  Air  Systems  Command 
JP-2,  Alr-5321D 
Washington,  DC  20361 


Mr.  Robert  Baran 
Science  Application,  Inc. 

8330  Old  Court  House  Road 
Vienna,  VA  22180 

Mr.  Ray  Barkalow 
Consultant 

4601  N.  Park  Avenue  II 720 
Chevy  Chase,  MD  20015 

Mr.  James  L.  Barragree 
Beech  Aircraft  Corp. 

9709  E.  Central 
Wichita,  KS  67201 

Mr.  George  Bechtold 
Naval  Surface 
Weapons  Center 
Silver  Spring,  MD  20903 

Mr.  Norman  F.  Bechtold 

Joint  Tact  Comm  (Tri-Tac)  0FC 

TT-E-SS 

Ft.  Monmouth,  NJ  07703 

Mr.  Lewis  E.  Becker 
Kentron  International,  Inc. 

2345  W.  Mockingbird  Lane 
Dallas,  TX  75235 

Mr.  Brian  L.  Beers 
Science  Applications,  Inc. 

8330  Old  Courthouse  Road,  Suite  510 
Vienna,  VA  22180 

Mr.  Herman  C.  Belderok 
Piper  Aircraft 
Eng'g.  DOA 

Vero  Beach,  FL  32960 
Mr.  Jack  Bell 

Federal  Aviation  Administration 
601  E.  12th  - Room  1625 
Kansas  City,  M0  64106 

Mr.  Bruce  Benson 
Federal  Aviation  Administration 
P.0.  Box  14,  701  C.  Street  AAL-431 
Anchorage,  AK  99513 

Dr.  Rodney  B.  Bent 
Atlantic  Scientific  Corp. 

1901  N.  A1A 

Indian  Harbour  Beach,  FL  32937 

Mr.  Bill  Bergman 
DCEC,  R302 
1860  Wiehle  Avenue 
Reston,  VA  22090 

Mr.  S.  W.  Billingsley 
National  Weather  Service 
8060  13th  Street 
Silver  Spring,  MD  20910 


Mr.  Joel  Bloom 

Naval  Intelligence  Support  Center 
4301  Suitland  Road 
Washington,  DC  20390 

Mr.  J.  A.  Bohay 
Dep't  of  Transport 
LIAE-Transport  Canada  Bldg. 

Ottawa,  Ontario,  Canada  K1A  0N8 

Mr.  A.  Thomas  Bolt 
US  Army  Engineer  Division 
Box  1600,  HNDED-SR 
Huntsville,  AL  35807 

Mr.  Peter  Bootsma 

de  Havilland  Aircraft  Canada,  Ltd. 

Garratt  Blvd. 

Downsview-Ontario,  CANADA  M3K  1Y5 

Mr.  Nick  Boyiazis 
Federal  Aviation  Administration 
P.  0.  Box  92007,  AWE-454 
Los  Angeles,  CA  90009 

Dr.  Jack  Brennan 
University  of  Central  Florida 
Box  25000 

Orlando,  FL  32816 

Mr.  George  E.  Briggs 
CTS-Sylvania,  Inc. 

189  "B"  Street,  (C5D-Bldg.  3) 
Needham,  MA  02194 

Mr.  Art  Brockschmidt 
Boeing  Aerospace 
P.  0.  Box  3999 
Seattle,  WA  98124 

Mr.  Michael  Brooks 
Planning  Research  Corp. 

Systems  Services  Co.,  PRC-1217 
Kennedy  Space  Center,  FL  32899 

Mr.  Gary  Brown 

Lawrence  Livermore  Laboratory 
P.  0.  Box  45 
Mercury,  NV  89023 

Mr.  W.  H.  Brown 
NASA 

109  Claridge 

Satellite  Beach,  FL  32937 

Lt.  Rodolfo  H.  Bruce 
US  Air  Force 

HQ  Air  Weather  Service/LCL 
Scott  AFB,  IL  62225 

Mr.  Herbert  C.  Bryant 
USAF 

53  McClellan  AFB 
Sacramento,  CA  95652 
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Mr.  Donald  T.  Buckley 
FAA-1'.  0.  Box  20636 
ASO-212 

Atlanta,  CA  30320 

Mr.  B.  J.  Bur ban 
Lockheed-California  Co. 

P.  0.  Box  531,  Dept.  73-51 
Burbank,  CA  91520 

Mr.  Donald  J.  Burchnell 
Dan's  Electric  6 Lightning  Control 
1828  N.  Ooldenrod  Road 
Orlando,  FL  32807 

Mr.  Brian  J.C.  Burrows 
Culham  Lightning  Studies  Unit 
Culham  Laboratory 
Abdingdon,  Oxford,  ENCLAND 

Mr.  Donald  C.  Caldwell 
US  Navy,  Department  - Navair 
13209  Clifton  Road 
Silver  Spring,  MD  20904 

Mr.  Morris  Campi 
Harry  Diamond  Laboratories 
2800  Powder  Mill  Road 
Adelphi , MD  20783 

Mr.  Bruce  Cardall 
Martin  Marietta 

P.  0.  Box  5837,  Sand  Lake  Rd.,  MP 
Orlando,  FL  32805 

Mr.  Andre  Car  Her 
Cables  De  Lyon 
Jean  Jaures  35  382  0316 

Bezons,  France  95870 

Mr.  DeLynn  C.  Chamberlain 
Holmes  & Sarver,  Inc. 

P.0.  Box  14340 
Las  Vegas,  NV  89114 

Mr.  Hsi-Tien  Chang 
Sandia  Laboratories 
P.  0.  Box  5800,  Division  4362 
Albuquerque,  NM  87185 

Mr.  John  T.  Chasteen 
American  Telephone  S Telegraph  Co. 
10  S.  Canal 
Chicago,  II.  60606 

Mr.  John  A.  Chouinard 
Harris  Corporation 
Palm  lay  Road 
Melbourne,  FL  32901 

Mr.  Dexter  K.  Clamp 

Mid  Carolina  Electric  Corp. 

P.0.  Box  68 
Lexington,  SC  29072 

Mr.  O.  Melville  Clark 

General  Semiconductor  Ind.,  Inc. 

P.  0.  Box  3078 
Tempt-,  A7.  85281 


. 


Mr.  Craham  A.  Clarkson 
Til  Industries 
100  N.  Strong  Avenue 
Lindenhurst,  NY  11757 

Mr.  Don  W.  Clifford 
McDonnell  Aircraft 
P.0.  Box  516 
St.  Louis,  MO  63166 

Mr.  Jay  Cline 

Dayton  Granger  Aviation,  Inc. 

P.  0.  Box  14070,  812  N.W.  1st  St 
Ft.  Lauderdale,  FL  33302 

Mr.  Samuel  Clyatt 

NASA-VO 

Vo-A 

Kennedy  Space  Center,  FL  32899 

Mr.  William  E.  Cobb 
NOAA 
R 31 

Boulder,  CO  80303 
Mr.  U.  C.  Codner 

Civil  Air  Attache,  British  Embassy 
3100  Mass  Aver.ue,  N.W. 

Washington,  DC  20008 

Mr.  J.  H.  Copeland 
246  USAF/FIT/79 
2273  NE  61st 
Seattle,  WA  98115 

Dr.  John  C.  Corbin,  Jr. 

AF  Flight  Dynamics  Laboratory 
AFFDL/FES 

Wright-Patterson  AFB , OH  45433 

Mr.  Paul  M.  Cork 
Gates  Learjet  Corp. 

Box  7707 

Wichita,  KS  67277 

Mr.  Richard  M.  Cosel 
Florida  Institute  of  Technology 
P.  0.  Box  1150 
Melbourne,  FL  32901 

Dr.  George  Costache 
Bell-Northern  Research 
P.0.  Box  3511,  STN  C 
Ottawa,  Ontario,  CANADA  KlY  4H7 

Mr.  Fred  W.  Crenshaw 
Federal  Aviation  Administration 
800  Independence  Avenue,  S.  W. 
Washington,  DC  20591 

Mr.  Keith  E.  Crouch 
Lightning  Technologies,  Inc. 

560  Hubbard  Avenue 
Pittsfield.  MA  01201 

Mr.  Boyd  Cullimore 
Thiokol  Corp. 

Mail  Stop  282  G,  P.  0.  Box  524 
Brigham  City,  UT  84302 


-90- 


Dr.  Mat  Darveniza 
University  of  Florida 
Gainesville,  FL 


Dr.  Leonard  DeVries 
USAF 

Patrick  AFB,  FL  32925 


Mr.  Lloyd  G.  Diehl 

Naval  Surface  Weapons  Center 

F-32 

Silver  Spring,  MD  20910 
Mr.  Joe  Dillon 

Federal  Aviation  Administration 
2300  East  Devon  Avenue 
Des  Plaines,  IL  60018 

Mr.  J.  H.  Dinius 
M 6 0 Vitro  Services 
Eglin  AFB,  FL  32542 


Mr.  Joe  L.  Downs 

Federal  Aviation  Administration 

2300  E.  Devon  (AGL-436) 

Des  Plaines,  IL  60018 

Captain  James  C.  Dunn 
US  Air  Force 
3246  Test  Wlng/TEOF 
Eglin  AFB,  FL  32542 

Mr.  Lowell  E.  Earl 
USAF/AFISC  SESD 
13b5  Knoll  Road 
Redlands,  CA  92373 

Mr.  Ted  T.  Ebina 
FAA,  NW  Region 

9010  E.  Marginal  Way,  ANV-213 
Seattle,  WA  98108 

Mr.  Jack  Edwards 

RADC 

RBCA 

CAFB,  NY  13401 

Mr.  Charles  L.  Elmore 
Federal  Aviation  Administration 
3400  Whipple  Street,  ASO  441-6 
Atlanta,  GA  30520 

Mr.  Richard  E.  Enstice 
Director  of  Continuing  Education 
Florida  Institute  of  Technology 
Melbourne,  FL  32901 

Mr.  Richard  J.  Fisher 
Kaman  Sciences  Corp. 

1500  Garden  of  the  Gods  Road 
Colorado  Springs,  CO  80933 

Mr.  Donald  R.  Fitzgerald 
Air  Force  Geophysics  Lab. 

LYW  Hanscom  AFB 
Bedford,  MA  01731 


Mr.  E.  G.  Fitzgerald 
Harris  Corp. 

P.O.  Box  37 
Melbourne,  FT.  32901 

Mr.  Henry  r.  Fleming,  Jr. 
Naval  Air  Systems  Command 
JP-2,  Air-52026  A 
Washington,  PC  20361 

Mr.  John  D.  Franklin 
FAA- AWE-4  34 
15000  Aviation  Blvd. 
Hawthorne,  CA  90260 

Mr.  Raymond  D.  French 
EC I Division  E Systems,  Inc. 
MS  19,  1501  72nd  Street,  N . 
St.  Petersburg,  FL  33733 


Mr.  E.  W.  Cray 
Bell  Laboratories 
6200  E.  Broad  Street 
Columbus,  OH  43213 

Mr.  Gordon  K.  Greene 

Boeing  Commercial  Airplane  Co. 

P.  0.  Box  3707,  M/S  64-15 
Seattle,  WA  98124 

Mr.  M.  Emile  Grenier 
L.P.  Crenier  & Fils  Inc. 

4140  Blvd.  Hamel,  Ancienne-Lorette 
Quebec,  CANADA  G2E  2H7 

Mr.  Donald  K.  Grimm 
Collins  Avionics 
P.  0.  Box  1060 
Melbourne,  FL  32901 


Mr.  J.  Edmund  Hay 
U.  S.  Bureau  of  Mlne6 
4800  Forbes  Avenue 
Pittsburgh,  PA  15213 

Mr.  Richard  H.  Hazelton 
Holmes  6 Narver,  Inc. 

P.O.  Box  14340 
Las  Vegas,  NV  89114 

Mr.  Kenneth  Heary 
Heary  Bros.  Light.  Prot.  Co.,  Inc. 
11291  Moore  Road  716-941-6141 
Springville,  NY  14141 

Mr.  Thomas  H.  Herring 
Boeing  Aerospace  Company 
P.  0.  Box  3999 
Seattle,  WA  98124 


Mr.  Glen  N.  Fruktow 
3901  W.  Broadway 
Hawthorne,  CA  90250 

Mr.  Ryotaro  Fukul 

Oki  Electric  Industry  Company,  LTD 
1-9-6  Kohnan 
Minato-Ku,  Tokyo  JAPAN 

Mr.  Gerhard  Fussmann 
L’SAF  - AFISC/SES0 
Norton  AFB , CA  92409 


Mr.  Steve  Calagan 

Antennas  for  Communications,  Inc. 

486  Cypress  Road 

Ocala,  FI.  32670 

Mr.  Frank  J.  Galuppo 
Grumman  Aerospace  Corp. 

So.  Oyster  Bay  Road,  C02-25 
Bethpage,  NY  11714 

Mr.  William  P.  Geren 

Boeing  Commercial  Airplane  Co. 

P.  0.  Box  3707,  M/S  47-47 
Seattle,  WA  98124 

Mr.  William  J.  Get  son 
Harris  CESD 
P.O.  Box  37 
Melbourne,  FL  32901 

Mr.  David  V.  Gonshov 
Martin  Marietta  Corp. 

P.O.  Box  179,  D 8350 
Denver,  CO  80201 

Mr.  L.  D.  Gore 
COMSAT 

950  1.’ Enfant  Plaza,  S.W. 
Washington,  DC  20024 

Mr.  Jose  Marla  Borger  Goulart 
Embraer 

Brig.  Faria  Lima  No.  2170 
Sao  Jose,  Dos  Campos,  San  Paulo 

Mr.  Elmer  C.  Graeaser 
Hercules  Incorporated 
P.  0.  Box  98 
Magna , L'T  84044 


Mr.  Mark  Guidry 

NASA-KSC 

VE-GED-41 

Kennedy  Space  Center,  FL  32899 

Mr.  Manuel  G.  Cuirior 
Rockwell  International 
3370  Miraloma  Avenue,  P.  0.  Box  4 
Anaheim,  CA  92686 

Mr.  James  N.  Gunter 
MID  Carolina  Elect.  Cooperative 
P.  0.  Box  68 
Lexington,  SC  29072 

Mr.  Mitchell  A,  Guthrie 
Naval  Surface  Weapons  Center 
N-42 

Dahlgren,  VA  22448 

Mr.  Robert  L.  Hammack 
AT  4 T Co. 

100  Edgevood  Ave.  NE 
Atlanta,  GA  30337 

Mr.  Omar  Hancock 

Florida  Solar  Energy  Center 

300  State  Road  401 

Cape  Canaveral,  FL  32920 

Mr.  Robert  D.  Harger 
Harger  Lightning  Protection,  Inc. 
551  North  Avenue 
Libertyville,  IL  60048 

Mr.  James  S.  Harris 
Federal  Aviation  Administration 
P.  0.  Box  20636,  ASO-431.8 
Atlanta,  GA  30320 

Mr.  Norman  H.  Haskell,  Jr. 
Southern  Bell  Tel  4 Tel  Co. 

1645  Hampton  Street,  #502 
Columbia,  SC  29201 


BRAZIL 


Mr.  Lloyd  J.  Hess 
Canadair  Ltd. 

P.  0.  Box  6087 
Montreal,  Quebec  CANADA 

Mr.  Edwin  F.  Hiner 
National  Weather  Service 
8060  13th  Street,  W514 
Silver  Spring,  MD  20910 

Mr.  Rolf  E.  Hoegberg 
High  Voltage  Research  Inst. 
Uppsala  University  S 75590 
Uppsala,  Sweden 

Mr.  Robert  N.  Hokkanen 

Naval  Training  Equipment  Center 

Code  N411 

Orlando,  FL  32813 
Mr.  Jimmy  Huang 

Federal  Aviation  Administration 
15000  Aviation  Blvd.  AWE  - 453 
Hawthorne,  CA  90261 

Mr.  Howard  H.  Hubbard 
Antennas  for  Communications,  Inc. 
486  Cypress  Road 
Ocala,  FL  32670 

Dr.  C.  Keith  Huddleston 
Georgia  Institute  of  Technolog\ 
Atlanta,  GA  30332 


Mr.  Anthony  J.  Iacono 
Naval  Air  Systems  Command 
A 52026D 

Washington,  DC  20361 

Mr.  George  M.  Ishii 
Litton  Data  Systems 
8000  Woodley  Avenue 
Van  Nuys,  CA  91409 

Ms.  Karen  K.  Jablonski 
FIT  Student 

2342  S.  Blgnonla  Street 
Melbourne,  FL  32901 
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Mr.  William  Jafferis 

NASA-KSC 

VO-A 

Kennedv  Space  Center,  FL  32899 

Mr.  John  R.  James 
Federal  Aviation  Administration 
P.  0.  Box  20636 
Atlanta,  GA  30320 

Mr.  C.  M.  Jenkins 
Til  Ind.,  Inc. 

F.  0.  Box  768 
Leesburg,  FL  32748 

Mr.  Reid  Jeppsen 
Thiocol  Corp. 

FL* i 1 282  C,  P.  0.  Box  524 
Brigham  City,  UT  84302 

Mr.  Alan  K.  Johnson 
Lockheed  Missiles  & Space  Co. 
Dept.  62-25,  F.  0.  Box  504 
Sunnyvale,  CA  94088 

Dr.  Richard  L.  Johnson 
Southwest  Research  Institute 
6220  Culebra  Road,  Div.  16 
San  Antonio,  TX  78284 

Mr.  Wesley  R.  Johnson 
Boeing  Wichita  Company 
3801  S.  Oliver,  MS  K60-52 
Wichita,  KS  67210 

Mr.  William  B.  Johnson 
CDR-L'SA  MIRADCOM 
ATTN : DRC  PM-PE-EC 
Redstone  Arsenal,  AL  35809 

Mr.  Cary  M.  Jones 
U.S.  Army  Engineer  District 
210  N.  12th  Street 
St.  Louis,  MO  63101 

Mr.  Clarence  W.  Kaiser 
Federal  Aviation  Administration 
P.  0.  Box  20636,  ASO-213 
Atlanta,  CA  30320 

Mr.  Joseph  W.  Kaiser 
Federal  Aviation  Administration 
601  E.  12th  Street 
Kansas  City,  MO  64119 

v'r.  Walter  Karpowski 
Digital  Equipment  Ccrp. 

129  Parker  Street,  PK  3-2/S20 
Maynard,  MA  01754 

Mr.  Chester  J.  Kawiecki 
Lightning  Protection  Corp. 

P.  O.  Box  6086 

Santa  Barbara,  CA  93111 

Mr.  William  Kehrer 
Air  Fois-  Weapons  Lab. 

87110  E 

Ki r t land  AiB,  NM  87110 

Mr.  Robert  M.  Keith 
Martin  Marietta  Aerospace 
P.  O.  Box  179 
Denver,  CO  80201 


Mr.  John  M.  Kennedy 
PAFB 

T0EP  Bldg.  981 
Patrick  AFB , FL  32925 

Mr.  Harry  W.  Kennel ty 
US  Army,  CoE 
Federal  Regional  Center 
Thomasville,  CA  31792 

Mr.  Edwin  L.  Kesler 

Naval  Electronic  Systems  Command 

Code  52021 

Washington,  DC  20360 

Mr.  Thomas  C.  King 
Walt  Disney  World 
P.  0.  Box  40,  Dept  784 
Lake  Buena  Vista,  FL  32830 

Mr.  J.  B.  Kinghorn 
Mid-Carolina  Electric  Cooperative 
P.  0.  Box  68 
Lexington,  SC  29072 


Mr.  Norman  Le  Vine,  P.E. 

US  Army  Corps  of  Engineer's 
P.  0.  Box  1600,  West  Station 
Huntsville,  AL  35807 

Mr.  John  J.  Leahy 
FAA,  ANE-436 

12  New  England  Executive  Park, 
Burlington,  MA  01803 

Mr.  Philippe  Lecat 
French  DOD  Service  Technique 
129  Rue  de  la  Convention 
Paris,  France  75015 

Mr.  Carl  L.  Lennon 
NASA 

TI-INS-32 

Kennedy  Space  Center,  FL  32899 

Mr.  Frank  R.  Leslie 
Harris  C.ISD 

P.0.  Box  37  Bldg.  19/442 
Melbourne,  FL  32901 


Mr.  Richard  Kirchofer 
Martin  Marietta 
P.  0.  Box  5837,  MP  246 
Orlando,  FL  32805 


Mr.  David  K.  Lewis 
Department  of  Chemistry 
Colgate  University 
Hamilton,  NY  13346 


Mr.  Jonathan 
American  Tel 
100  Edgewood 
Atlanta,  GA 


L.  Kirkman 
6 Tel 

Avenue,  N.E. 
30303 


Dr.  Louis  F.  Libelo 

NAVSWC 

White  Oak 

Silver  Spring,  MD  20910 


Mr.  Ken  Kite 
Tektronix 

3320  Holcomb  Br.  Rd. 
Norcross,  C.A  30092 


Mr.  Jon  M.  Linke 
Piper  Aircraft  Corp. 
2560  Skyway  Drive 
Santa  Maria,  CA  93454 


Mr.  Francis  J.  Klapp 
US  Department  of  Army,  FORSCOM 
Ft.  McPherson,  CA  30330 


Dr.  Philip  F.  Little 
Culham  Laboratory 
Abingdon 

Oxforshire,  ENGLAND  0X3  14DB 


Mr.  Paul  Knight 
Consul tant-EMC 
816  N.  E.  Pecan  Circle 
Sebastian,  FL  32958 

Mr.  Henry  Knoller 
Lockheed 

Dept.  72-71  Bldg.  310 
Burbank,  CA  91520 

Mr.  Robert  V.  Kolar,  P.  E. 

The  Colonev  Company 
P.  0.  Box  5258 
Tallahassee,  FL  32301 

Mr.  C.  S.  Kwok 

Chinese  Civil  Aviation  Authority 
Taiwan,  ROC 


Mr.  Thomas  J.  Lange 
Boeing  Aerospace  Company 
P.  0.  Box  3999,  MS  43-56 
Seattle,  WA  98124 

Mr.  Pierre  Laroche 
ONERA 

29,  Avenue  de  la  Division  Leclerc 
Chatlllon,  France  92320 


Mr.  Curtis  V.  Lochman 
Det  1,  SAMTEC/T0EIL 
Patrick  AFB.  FL  32925 

Mr.  Wilton  Lock 

NASA,  Drvden  Flight  Research  Center 

P.  0.  Box  27 J 

Edward  AFB,  CA  93523 

Mr.  Donald  F.  Loomis 
Federal  Aviation  Adm. 

P.  0.  Box  92008-AWE  434 
Los  Angeles,  CA  90009 

Mr.  Nels  A.  Lovegren 
NASA 

DL-NED- 1 1 

Kennedy  Space  Center,  FL  32780 

Mr.  Albert  F.  Lowas,  Jr. 

US  Air  Force 

438th  Civil  Engineering  Squadron /DEEP. 
McGuire  AFB,  NJ  08641 

Prof.  Stlg  Lundquist 
High  Voltage  Res.  Inst. 

Upsala  University 
S 5590,  Upsala  Sweden 


Mr.  Melvin  B.  Luxenberg 
FAA 

2300  E.  Devon 

Des  Plaines,  IL  60018 

Capt.  James  K.  I.von,  Jr. 

HQ  AWS/LGL 

Scott  AFB,  IL  62225 


Mr.  Peter  J.  Madle 
TRW 

One  Space  Park 
Redondo  Beach,  VA  90278 

Mr.  Theodore  M.  Madzy 
IBM  Corp. 

P.  0.  Box  6,  D67/5E09 
Endicott,  NY  13760 

Mr.  Thomas  Mahoney 
Davton  T.  Brown  Co. 

Church  Street 
Bohemia,  NY  11716 

Mr.  Michael  W.  Maier 
NOAA/NHEML,  Gables  Avenue  Tower 
1320  S.  Dixie  Highway,  Room  613 
Coral  Gables,  FL  33146 

Mr.  Larry  D.  Malir 
Cessna  Aircraft  Company 
P.  0.  Box  7704 
Wichita,  KS  67277 
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